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Sandy M. S t u b b s  and John A. Tanner 
Langley  Research C e n t e r  
SUMMARY 
An e x p e r i m e n t a l  i n v e s t i g a t i o n  was conduc ted  t o  s t u d y  t h e  b r a k i n g  and co r -  
n e r i n g  r e s p o n s e  of  a v e l o c i t y - r a t e - c o n t r o l l e d ,  p re s su re -b ia s -modu la t ed  a i r -  
c ra f t  a n t i s k i d  b r a k i n g  sys t em on d r y  and wet runway surfaces.  The i n v e s t i g a -  
t i o n  was conducted  a t  t h e  Lang ley  a i rc raf t  l a n d i n g  l o a d s  and t r a c t i o n  f a c i l i t y  
w i t h  one main whee l ,  b r a k e ,  and t i r e  as sembly  o f  a McDonnell Douglas DC-9 
ser ies  10 a i r c ra f t .  
During maximuin b r a k i n g ,  t h e  a v e r a g e  r a t i o  o f  d r a g - f o r c e  f r i c t i o n  c o e f f i -  
c i e n t  deve loped  by t h e  a n t i s k i d  sys t em t o  maximum d r a g - f o r c e  f r i c t i o n  c o e f f i -  
c i e n t  a v a i l a b l e  a t  t h e  t i r e / r u n w a y  i n t e r f a c e  was h i g h e r  on d r y  sur faces  t h a n  on 
wet s u r f a c e s ;  t h i s  d r a g - f o r c e  r a t i o  was n o t  a d v e r s e l y  affected by yaw a n g l e s  up 
t o  6'. The g r o s s  s t o p p i n g  power g e n e r a t e d  by t h e  b r a k e  s y s t e m  on t h e  d r y  s u r -  
face was more t h a n  twice t h a t  o b t a i n e d  on t h e  wet s u r f a c e s .  Wi th  maximum brak-  
i n g  a p p l i e d ,  the  a v e r a g e  r a t i o  o f  s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  deve loped  by 
t h e  t i r e  under  a n t i s k i d  c o n t r o l  t o  maximum s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  
a v a i l a b l e  a t  t h e  t i r e / r u n w a y  i n t e r f a c e  o f  a f r e e - r o l l i n g  yawed t i r e  was shown 
t o  decrease w i t h  i n c r e a s i n g  yaw a n g l e ;  b u t  even  w i t h  t h i s  l o w e r  per formance  
r a t i o ,  t h e  h i g h e r  yaw a n g l e  gave  greater c o r n e r i n g  power. 
Brak ing  r educed  t h e  s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  on a d r y  s u r f a c e  by 
75 p e r c e n t  as t h e  wheel s l i p  r a t i o  was i n c r e a s e d  t o  0 . 3 ;  on a f l o o d e d  s u r f a c e  
t h e  c o e f f i c i e n t  dropped  t o  n e a r  ze ro  f o r  t h e  same s l i p  r a t i o .  Locked wheel s k i d s  
were obse rved  when t h e  t i r e  e n c o u n t e r e d  a runway surface t r a n s i t i o n  from d r y  t o  
f l o o d e d ,  due i n  p a r t  t o  t h e  r e s p o n s e  time r e q u i r e d  f o r  t h e  system t o  s e n s e  a b r u p t  
changes  i n  runway f r i c t i o n ;  however,  t h e  a n t i s k i d  system q u i c k l y  responded by 
r e d u c i n g  b rake  p r e s s u r e  and c y c l i n g  no rma l ly  d u r i n g  t h e  r ema inde r  o f  t h e  r u n  on 
t h e  f looded  s u r f a c e .  
I N T R O D U C T I O N  
Over t he  y e a r s  t h e  number and v a r i e t y  o f  a i rc raf t  u s i n g  a n t i s k i d  s y s t e m s  
h a s  s t e a d i l y  i n c r e a s e d ,  w i t h  most c u r r e n t  commerc ia l  and m i l i t a r y  j e t  a i r p l a n e s  
be ing  equipped  w i t h  s k i d - c o n t r o l  d e v i c e s .  The ear l ies t  a n t i s k i d  s y s t e m s  were 
g e n e r a l l y  d e s i g n e d  t o  p r e v e n t  wheel l o c k u p s  and e x c e s s i v e  t i r e  wear on dry pave- 
ments.  Modern s k i d - c o n t r o l  d e v i c e s ,  however,  are more s o p h i s t i c a t e d  and are 
d e s i g n e d  t o  p r o v i d e  maximum b r a k i n g  e f f o r t  w h i l e  m a i n t a i n i n g  f u l l  a n t i s k i d  pro- 
t e c t i o n  under a l l  weather c o n d i t i o n s .  
craf t  i n d i c a t e  t h a t  these a n t i s k i d  s y s t e m s  are b o t h  e f f e c t i v e  and dependab le ,  
O p e r a t i n g  statistics of modern j e t  a i r -  
and s e v e r a l  m i l l i o n  l a n d i n g s  made each  y e a r  i n  r o u t i n e  f a s h i o n  w i t h  no  ser ious 
o p e r a t i n g  problems a t t e s t  t o  t h i s  fac t .  However, i t  h a s  a l s o  been well e s t a b -  
l i s h e d ,  both from f l i g h t  tes ts  and f i e l d  e x p e r i e n c e ,  t h a t  t h e  per formance  of 
these sys t ems  is  s u b j e c t  t o  d e g r a d a t i o n  when t h e  runway becomes s l i p p e r y ;  con- 
s e q u e n t l y ,  d a n g e r o u s l y  l o n g  r o l l o u t  d i s t a n c e s  and reduced  s t e e r i n g  c a p a b i l i t y  
can  r e s u l t  d u r i n g  some a i rc raf t  l a n d i n g  o p e r a t i o n s  ( r e f s .  1 t o  5 ) .  There i s  a 
need t o  s t u d y  d i f f e r e n t  t y p e s  of a n t i s k i d  b r a k i n g  s y s t e m s  w i t h  t h e  o b j e c t i v e  
be ing  t o  f i n d  s o u r c e s  of t h e  degraded per formance  t h a t  o c c u r s  under  a d v e r s e  
runway c o n d i t i o n s ;  there i s  a l so  a need t o  o b t a i n  data n e c e s s a r y  ir! t h e  deve lop  
n e n t  o f  more advanced sys t ems  s o  as t o  i n s u r e  safe ground h a n d l i n g  o p e r a t i o n s  
under  a l l  weather  c o n d i t i o n s .  
I n  an  e f f o r t  t o  meet these  n e e d s ,  a n  e x p e r i m e n t a l  research program has 
been unde r t aken  t o  s t u d y  t h e  per formance  of s e v e r a l ,  d i f f e r e n t  a i r c r a f t  a n t i -  
s k i d  b r a k i n g  sys t ems  under  t h e  c o n t r o l l e d  c o n d i t i o n s  a f f o r d e d  by t h e  Langley  
a i r c ra f t  l a n d i n g  loads and t r a c t i o n  f a c i l i t y  ( f o r m e r l y  ca l led  t h e  Langley l and-  
i n g  l o a d s  t r a c k ) .  The t y p e s  of s k i d - c o n t r o l  d e v i c e s  undergoing  s t u d y  i n  t h i s  
program i n c l u d e  a v e l o c i t y - r a t e  c o n t r o l  sys t em,  a s l i p - r a t i o  c o n t r o l  sys tem 
w i t h  i n p u t s  from an  unbraked nose  wheel ,  a s l i p - r a t i o  c o n t r o l  sys tem w i t h o u t  
nose-wheel i n p u t s ,  a s l i p - v e l o c i t y  c o n t r o l  sys t em,  and a sys tem which r e l i e s  
upon d i f f e r e n t i a l  pump c o n t r o l .  The i n v e s t i g a t i o n  o f  these sys t ems  i s  be ing  
conducted  w i t h  one main wheel ,  b r a k e ,  and t i r e  assembly  from a McDonnell 
Douglas  DC-9 series 10 a i r c ra f t .  
The purpose  o f  t h i s  paper  i s  t o  p r e s e n t  t h e  r e s u l t s  from a s t u d y  o f  t h e  
per formance  o f  a v e l o c i t y - r a t e - c o n t r o l l e d ,  p re s su re -b ia s -modu la t ed  a i r c r a f t  
a n t i s k i d  sys tem d u r i n g  maximum-effort b r a k i n g .  The parameters v a r i e d  i n  t h e  
s t u d y  i n c l u d e :  ground s p e e d ,  t i r e  l o a d i n g  and yaw a n g l e ,  t i r e  t read  c o n d i t i o n ,  
sys tem o p e r a t i n g  p r e s s u r e ,  and runway s l i p p e r i n e s s .  A d i s c u s s i o n  of t h e  
e f fec ts  of  each of these parameters on t h e  per formance  of t h e  s k i d  c o n t r o l  sys -  
tem is p r e s e n t e d .  I n  a d d i t i o n ,  compar isons  are made between data o b t a i n e d  w i t h  
t he  s k i d  c o n t r o l  sys tem and data from b r a k i n g  tes ts  w i t h o u t  a n t i s k i d  
p r o t e c t i o n .  
SYMBOLS 
Values  are g i v e n  i n  bo th  S I  and U.S. Customary U n i t s .  The measurements 
and c a l c u l a t i o n s  were made i n  U.S. Customary U n i t s .  F a c t o r s  r e l a t i n g  t h e  two 
sys t ems  are g i v e n  i n  r e f e r e n c e  6 .  
drag f o r c e  p a r a l l e l  t o  p l a n e  of wheel 
s i d e  force p e r p e n d i c u l a r  t o  p l a n e  o f  wheel 
FX 
FY 
P power 
r t i r e  r o l l i n g  r a d i u s  
S wheel s l i p  r a t i o  
t time 
2 
V tes t  wheel speed  ( e q u i v a l e n t  t o  carriage s p e e d )  
11 performance  r a t i o  
IJ f r i c t i o n  c o e f f i c i e n t  
JI yaw a n g l e  
w tes t  wheel a n g u l a r  v e l o c i t y  
S u b s c r i p t s :  
b 
C 
d 
f 
g 
max 
0 
r 
S 
t 
b r a k i n g  
c o r n e r i n g  
d r a g  
f i n a l  v a l u e  
gross 
maximum v a l u e  
i n i t i a l  v a l u e  
free r o l l i n g  
s i d e  
t i r e  
A b a r  ove r  a symbol d e n o t e s  an  a v e r a g e  v a l u e .  
APPARATUS A N D  TEST PROCEDURE 
Test Tires 
The t ires used i n  t h i s  i n v e s t i g a t i o n  were 40 x 1 4 ,  t y p e  V I I ,  b i a s - p l y  
a i r c r a f t  t i res  o f  22 p l y  r a t i n g  w i t h  a r a t e d  maximum speed  o f  200 k n o t s  
( 1  kno t  0.5144 m/sec ) .  The t ires were r e t r e a d s  w i t h  a s ix -g roove  t r e a d  
p a t t e r n ,  and t h e  s t u d y  i n c l u d e d  b o t h  new and worn t r e a d  c o n f i g u r a t i o n s .  A 
photograph  o f  two t i r e s  h a v i n g  new and worn t r e a d s  is  p r e s e n t e d  i n  f i g u r e  1. 
The new t r e a d  had a g roove  d e p t h  o f  0.71 cm ( 0 . 2 8  i n . )  and was c o n s i d e r e d  new 
u n t i l  t h e  groove  d e p t h  d e c r e a s e d  t o  0.36 cm ( 0 . 1 4  i n . ) .  A c o a m e r c i a l l y  a v a i l -  
a b l e  t i r e  g r i n d i n g  machine was t h e n  employed t o  remove t r e a d  r u b b e r  u n i f o r m l y  
from t h e  t i r e  u n t i l  o n l y  0.05-cm (0.02-in.) groove  d e p t h  r ema ined .  T h i s  simu- 
l a t e d  worn t i r e  was p r o b a b l y  i n  a worse wear c o n d i t i o n  t h a n  is  n o r m a l l y  e x p e r i -  
enced i n  a i r c ra f t  o p e r a t i o n s .  Throughout t h i s  i n v e s t i F a t i o n ,  t h e  t i r e  i n f l a -  
t i o n  p r e s s u r e  was m a i n t a i n e d  a t  0.96 MPa ( 140 p s i ) ,  which i s  t h e  normal a i r l i n e  
o p e r a t i o n a l  p r e s s u r e .  
3 
I. - 
Test F a c i l i t y  
The i n v e s t i g a t i o n  was performed a t  t h e  Lang ley  a i r c ra f t  l a n d i n g  l o a d s  and 
t r a c t i o n  f a c i l i t y ,  d e s c r i b e d  i n  r e f e r e n c e  7 ,  and u t i l i z e d  t h e  main t e s t  car- 
riage. F i g u r e  2 is  a pho tograph  o f  t h e  carriage w i t h  t h e  t e s t  wheel a s sembly  
i n s t a l l e d ;  f i g u r e  3 is  a c l o s e u p  view o f  the  wheel and shows de ta i l s  o f  t h e  
i n s t r u m e n t e d  dynamometer, which s u p p o r t s  t h e  wheel and b r a k e  assembly  and mea- 
s u r e s  t h e  v a r i o u s  a x l e  l o a d i n g s .  A l a n d i n g  gear s t r u t  was n o t  employed because  
t h e  dynamometer was needed t o  p r o v i d e  a n  a c c u r a t e  measurement o f  t h e  ground 
f o r c e s .  
For t h e  t e s t s  d e s c r i b e d  i n  t h i s  paper ,  a p p r o x i m a t e l y  a 244-m ( 8 0 0 - f t )  sec- 
t i o n  of t h e  366-m ( 1 2 0 0 - f t )  f l a t ,  c o n c r e t e  t es t  runway was used t o  p r o v i d e  b r a k -  
i n g  and c o r n e r i n g  data on a d r y  surface,  a n  a r t i f i c i a l l y  damp s u r f a c e ,  a n  a r t i -  
f i c i a l l y  f l o o d e d  s u r f a c e ,  and a n a t u r a l - r a i n  wet s u r f a c e .  With t h e  e x c e p t i o n  
o f  t r a n s i e n t  runway f r i c t i o n  t es t s ,  t h e  e n t i r e  runway had a uni form s u r f a c e  con- 
d i t i o n ,  and a n t i s k i d  c y c l i n g  o c c u r r e d  f o r  t h e  e n t i r e  244 m (800 f t ) .  The f irst  
61 m (200  f t )  o f  t h e  tes t  s e c t i o n  were used  f o r  t h e  i n Z t i a l  wheel s p i n u p  and 
brake a c t u a t i o n ,  and 61 m (200 f t )  were r e t a i n e d  a t  t h e  end o f  t h e  t es t  s e c t i o n  
f o r  brake release.  I n  o r d e r  t o  o b t a i n  a damp c o n d i t i o n ,  t h e  t e s t  s u r f a c e  was 
wet ted and t h e  s t a n d i n g  water swept  away. For t h e  f l o o d e d  runway c o n d i t i o n ,  
t h e  tes t  s e c t i o n  was su r rounded  by a dam and f l o o d e d  t o  a d e p t h  o f  a p p r o x i -  
m a t e l y  1 cm (0.4 i n . ) .  For t h e  n a t u r a l - r a i n  s u r f a c e  c o n d i t i o n ,  no a t tempt  
was made t o  dam o r  sweep t h e  tes t  s e c t i o n  and no  measure  was made o f  water 
d e p t h .  The c o n c r e t e  s u r f a c e  i n  t h e  t es t  area had a l i g h t  broom f i n i s h  i n  a 
t r a n s v e r s e  d i r e c t i o n ,  wh ich  produced a s u r f a c e  t e x t u r e  somewhat smoother  t h a n  
t h a t  o f  most o p e r a t i o n a l  c o n c r e t e  runways.  The runway s u r f a c e  roughness  f o r  
t h e  244-m ( 8 0 0 - f t )  t e s t  s e c t i o n  was n o t  u n i f o r m ,  as shown by t h e  t e x t u r e  d e p t h  
measurements i n  t h e  f o l l o w i n g  tab le :  
305 1000 
Average 
t e x t u r e  d e p t h ,  urn 
115 
245 
145 
137 
155 
. -  
Details o f  t h e  texture-depth-measureinent t e c h n i q u e  are p r e s e n t e d  i n  refer-  
ence  8.  The a v e r a g e  t e x t u r e  d e p t h  o f  t h e  t e s t  runway was 154 m ,  which is  
s l i g h t l y  less  t h a n  t h a t  o f  t h e  t y p i c a l  o p e r a t i o n a l  runway (see r e f .  9 ,  f o r  
e x a m p l e ) .  The t e s t  runway was q u i t e  l e v e l  compared w i t h  a i r p o r t  runways and 
had no crown f o r  d r a i n a g e  p u r p o s e s .  During t h e  c o u r s e  o f  t e s t i n g  on t h e  d r y  
surface,  r u b b e r  from t h e  t e s t  t i r e  was d e p o s i t e d  on t h e  runway, and i t  was 
n e c e s s a r y  t o  p e r i o d i c a l l y  c l e a n  t h e  runway, e s p e c i a l l y  d u r i n g  yawed t e s t s .  
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Skid  C o n t r o l  System 
A v e l o c i t y - r a t e - c o n t r o l l e d ,  p re s su re -b ia s -modu la t ed  s k i d  c o n t r o l  sys t em,  
t y p i c a l  o f  t h a t  used on many commercial  and m i l i t a r y  j e t  a i r c r a f t ,  was used t o  
p r o v i d e  t h e  b r a k i n g  i n p u t s .  T h i s  sys t em was c o n f i g u r e d  t o  s i m u l a t e  t h e  b r a k i n g  
sys tem having  h y d r a u l i c  components f o r  a s i n g l e  wheel of  t h e  d u a l - s t r u t  f o u r -  
main-wheel McDonnell Douglas  DC-9 series 10 a i r c ra f t .  F i g u r e  4 i s  a photograph  
of t h e  major h y d r a u l i c  components o f  t h e  s i m u l a t e d  b r a k i n g  sys t em i n s t a l l e d  on 
t h e  t es t  carriage,  and f igu re  5 i s  a s c h e m a t i c  o f  t h e  sys t em.  The b r a k e  sys tem 
is a c t i v a t e d  by open ing  t h e  p i l o t - o p e r a t e d  m e t e r i n g  v a l v e  (see f i g .  51, which 
a l l o w s  t h e  b rake  f l u i d  t o  f l o w  from a h i g h - p r e s s u r e  r e s e r v o i r  and p i l o t  selec- 
t o r  v a l v e  t h r o u g h  t h e  n o r m a l l y  open a n t i s k i d  c o n t r o l  v a l v e  and a h y d r a u l i c  f u s e  
( p a s s i v e  f o r  t h i s  t e s t )  t o  t h e  b r a k e .  A pneumat ic  p i s t o n  was used t o  open t h e  
p i l o t  m e t e r i n g  v a l v e  t o  i t s  f u l l  s t r o k e ,  t h u s  p r o v i d i n g  maximum b r a k i n g  for  a l l  
tests.  Dur ing  a n t i s k i d  b r a k i n g ,  a n  ac v o l t a g e  (deve loped  by a p u l s e  coun t  
a l t e r n a t o r  d r i v e n  by t h e  braked  whee l )  p r o p o r t i o n a l  t o  wheel a n g u l a r  v e l o c i t y  
i s  c o n v e r t e d  t o  a dc  v o l t a g e  and i s  d i f f e r e n t i a t e d  i n  t h e  e l e c t r o n i c  c o n t r o l  
box i n  o r d e r  t o  o b t a i n  a measure  o f  t h e  wheel d e c e l e r a t i o n .  T h i s  wheel d e c e l e -  
r a t i o n  i s  t h e n  compared t o  a p r e s e t  v e l o c i t y  r a t e  t h r e s h o l d  o f  a p p r o x i m a t e l y  
30 r a d / s e c 2 .  If t h e  b r a k i n g  e f f o r t  r e s u l t s  i n  a wheel d e c e l e r a t i o n  greater 
t h a n  t h e  t h r e s h o l d  v a l u e ,  t h e n  a s k i d  s i g n a l  ( d c  v o l t a g e )  i s  t r a n s m i t t e d  t o  t h e  
a n t i s k i d  c o n t r o l  v a l v e  i n  o r d e r  t o  r e d u c e  b rake  p r e s s u r e  t o  a low, p o s s i b l y  
even z e r o ,  . va lue .  When t h e  wheel r e c o v e r s  from t h e  s k i d ,  t h e  s k i d  s i g n a l  ( d c  
v o l t a g e )  i s  reduced  t o  a l e v e l  which i s  a f u n c t i o n  o f  t h e  magn i tude ,  d u r a t i o n ,  
and number o f  p r e c e d i n g  s k i d  s i g n a l s  as  r e t a i n e d  by memory c i r c u i t s  i n  t h e  e l e c -  
t r o n i c  c o n t r o l  box, which a l s o  c o n t r o l  t h e  r a t e  o f  r e a p p l i c a t i o n  o f  b rake  p r e s -  
s u r e  t o  t h e  b rake .  
T y p i c a l  t i m e  h i s t o r i e s  o f  t h e  wheel s p e e d ,  s k i d  s i g n a l ,  b r a k e  p r e s s u r e ,  
and t h e  r e s u l t i n g  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  are  p r e s e n t e d  i n  f i g u r e  6 t o  
h e l p  d e s c r i b e  t h e  sys tem o p e r a t i o n .  The d a s h e d ,  v e r t i c a l  l i n e s ,  and t h e  p o i n t s  
deno ted  by t h e  l e t t e r s  ltall t o  rlnrr are  used t o  h i g h l i g h t  key e v e n t s  which o c c u r  
d u r i n g  t h e  s k i d  c y c l e s .  I n  f i g u r e  6 ,  t h e  b r a k e  p r e s s u r e  i s  f i r s t  a p p l i e d  
r a p i d l y  ( a  t o  b )  and r e s u l t s  i n  a s h a l l o w  s k i d ,  a s  no ted  by t h e  wheel-speed 
trace ( c ) .  The s k i d ,  i n  t u r n ,  g e n e r a t e s  a s k i d  s i g n a l  v o l t a g e  ( d )  p r o p o r t i o n a l  
t o  t h e  change i n  wheel speed  t h a t  p a r t i a l l y  c l o s e s  t h e  a n t i s k i d  c o n t r o l  v a l v e  
which ,  i n  t u r n ,  causes a r e d u c t i o n  i n  p r e s s u r e  ( e )  t o  t h e  b r a k e  and a l l o w s  t h e  
whee l  t o  s p i n  up ( f ) .  When t h e  wheel r e c o v e r s  from t h e  s k i d ,  t h e  s i g n a l  d i s s i -  
p a t e s  ( g )  and opens  t h e  a n t i s k i d  c o n t r o l  v a l v e  t o  a l l o w  r e a p p l i c a t i o n  o f  b rake  
p r e s s u r e  ( h ) .  Note t h a t  r a p i d  s u c c e s s i v e  s h a l l o w  s k i d s  i n d u c e  a r e s i d u a l  s k i d  
s i g n a l  which r e d u c e s  t h e  average b r a k e  p r e s s u r e  v a l u e .  The deep  s k i d  a t  approx- 
i m a t e l y  5 sec ( i )  i n t o  t h e  r u n ,  due  a p p a r e n t l y  t o  lower  t i r e / r u n w a y  f r i c t i o n  ( 3 1 ,  
i n d u c e s  a h igh  v o l t a g e  s k i d  s i g n a l  ( k )  which, i n  t u r n ,  c a u s e s  t h e  b rake  p r e s s u r e  
t o  r e d u c e  t o  a n e g l i g i b l e  v a l u e  ( 1 )  and l a t e r  t o  b e  r e a p p l i e d  a t  a much lower  
ra te  (m) s ince  t h e  s k i d  s i g n a l  l e v e l  r ema ins  q u i t e  h i g h  ( n ) .  
I n s t r u m e n t a t i o n  
The t i r e / r u n w a y  f r i c t i o n  f o r c e s  were measured by means of t h e  dynamometer 
shown i n  f i gu re  3 and i l l u s t r a t e d  s c h e m a t i c a l l y  i n  f i g u r e  7 .  S t r a i n  g a g e s  were 
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mounted on t h e  f i v e  dynamometer s u p p o r t  beams: two beams f o r  v e r t i c a l  f o r c e s ,  
two f o r  drag f o r c e s  p a r a l l e l  t o  t h e  wheel p l a n e ,  and a s i n g l e  beam f o r  s i d e  
f o r c e  p e r p e n d i c u l a r  t o  t h e  w h e e l  p l a n e .  Three  a c c e l e r o m e t e r s  on t h e  t es t  wheel 
a x l e  p rov ided  i n f o r m a t i o n  f o r  i n e r t i a  c o r r e c t i o n s  t o  t h e  f o r c e  d a t a .  The b r a k e  
t o r q u e  was measured i n d e p e n d e n t  o f  t h e  drag f o r c e  t h r o u q h  t h e  two t o r q u e  l i n k s  
shown i n  f i g u r e  7 .  T r a n s d u c e r s  were i n s t a l l e d  i n  t h e  h y d r a u l i c  sys t em t o  mea- 
s u r e  pressures a t  t h e  p i l o t  m e t e r i n g  v a l v e ,  t h e  a n t i s k i d  c o n t r o l  v a l v e ,  t h e  
h y d r a u l i c  f u s e ,  t h e  brake ,  and i n  t he  r e t u r n  l i n e  between t h e  b r a k e  and t h e  
h y d r a u l i c  r e s e r v o i r .  A s t e e l - r e i n f o r c e d ,  cogged, r u b b e r  b e l t  was d r i v e n  by t h e  
tes t  wheel t o  t u r n  a n  a u x i l i a r y  a x l e  which d r o v e  s e v e r a l  p u l s e  ( ac )  a l t e r n a t o r s  
and a dc g e n e r a t o r  t o  o b t a i n  a measure o f  t h e  tes t  wheel a n g u l a r  v e l o c i t y .  
S i g n a l s  from one  o f  t h e  ac a l t e r n a t o r s  s u p p l i e d  wheel-speed i n f o r m a t i o n  t o  t h e  
a n t i s k i d  sys tem.  T h i s  s i g n a l  and t h e  s k i d  s i g n a l  produced  by t h e  a n t i s k i d  s y s -  
tem were r e c o r d e d  f o r  e x a m i n a t i o n  o f  t h e i r  charac te r i s t ics .  A l i g h t  weight 
t r a i l i n g  wheel was mounted behind one o f  t h e  carriage wheel assemblies as  shown 
i n  f i g u r e  8 ,  and a dc g e n e r a t o r  on i ts  a x l e  r e c o r d e d  t h e  c a r r i a g e  speed .  A 
radar u n i t  was a l s o  employed t o  p r o v i d e  a measure of carriage speed.  A l l  o f  
t h e  data s i g n a l s  were f e d  i n t o  a p p r o p r i a t e  s i g n a l  c o n d i t i o n i n g  equipment and 
t h e n  i n t o  two f requency-modula ted  tape r e c o r d e r s .  A time code  was f e d  i n t o  
t h e  two r e c o r d e r s  s i m u l t a n e o u s l y  t o  p r o v i d e  s y n c h r o n i z a t i o n  o f  t h e  two sets o f  
da ta .  
Brake t e m p e r a t u r e  measurements were p r o v i d e d  by f o u r  the rmocoup les  mounted 
t o  an i n n e r  s t a t o r ,  shokm i n  f i g u r e  9 ,  o f  t h e  f o u r - s t a t o r  b r a k e  assembly .  Sig- 
n a l s  from t h e  the rmocoup les  were fed th rough  a p p r o p r i a t e  c o n d i t i o n i n g  equipment 
t o  an o s c i l l o g r a p h .  
T e s t  P r o c e d u r e  
The t e s t  t e c h n i q u e  f o r  b r a k i n g  t e s t s  w i t h  and w i t h o u t  a n t i s k i d  p r o t e c t i o n  
c o n s i s t e d  o f  s e t t i n g  t h e  dynamometer and t i r e  as sembly  t o  t h e  p r e s e l e c t e d  yaw 
a n g l e ,  p r o p e l l i n g  t h e  t e s t  c a r r i a g e  t o  t h e  d e s i r e d  s p e e d ,  a p p l y i n g  a prese- 
l ec t ed  v e r t i c a l  l o a d  on t h e  t i r e ,  and r e c o r d i n g  t h e  o u t p u t s  from t h e  onboard 
i n s t r u m e n t a t i o n .  For a n t i s k i d  r u n s ,  t h e  b r a k e  was a c t u a t e d  by a pneumatic p i s -  
t o n  a t  t h e  p i l o t  m e t e r i n g  v a l v e ,  which gave  f u l l  p e d a l  o r  maximum b r a k i n g ,  and 
t h e  a n t i s k i d  sys tem c o n t r o l l e d  t h e  b r a k i n g  e f f o r t .  The runway surface cond i -  
t i o n  was uni form o v e r  i t s  e n t i r e  l e n g t h ,  and t h e  brake was a p p l i e d  t h e  f u l l  d i s -  
t a n c e  and was released j u s t  p r i o r  t o  carriage a r r e s t m e n t .  For a t y p i c a l  brak- 
i n g  t e s t  run  w i t h o u t  a n t i s k i d  p r o t e c t i o n ,  t h e  t i r e  was s u b j e c t e d  t o  three 
b rak ing  c y c l e s ,  one each on d r y ,  damp, and f l o o d e d  areas of t h e  runway. Each 
o f  these  b r a k e  c y c l e s  c o n s i s t e d  o f  a p p l y i n g  s u f f i c i e n t  b rake  p r e s s u r e  t o  b r i n g  
t h e  t i r e  from a f r e e - r o l l i n g  c o n d i t i o n  t o  a locked-wheel s k i d  and t h e n  releas- 
i n g  t h e  b rake  t o  a l l o w  f u l l  t i r e  s p i n u p  p r i o r  t o  t h e  n e x t  c y c l e .  The brake 
p r e s s u r e  was a p p l i e d  when t h e  brake  c i r c u i t  was e n e r g i z e d  by means o f  t r igger-  
i n g  d e v i c e s  l o c a t e d  a l o n g  t h e  t e s t  t rack .  The nominal c a r r i a g e  s p e e d s  f o r  b o t h  
t y p e s  o f  t e s t s  ranged  from 40 t o  100 k n o t s ,  and t h e  t i r e  v e r t i c a l  l o a d i n g  was 
v a r i e d  from a p p r o x i m a t e l y  58 kN ( 1 3  000 l b f )  t o  120 kN ( 2 7  000 l b f )  which rep- 
r e s e n t e d  a nominal l a n d i n g  weight  and a r e f u s e d  t a k e o f f  weight ,  r e s p e c t i v e l y ,  
f o r  a s i n g l e  wheel. 
b rake-sys tem p r e s s u r e s  o f  14 MPa (2000 p s i )  and 21 MPa (3000 p s i ) .  
Tests were r u n  a t  t i r e  yaw a n g l e s  o f  O o ,  3 O ,  and 6' and a t  
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Data Reduct ion  
Except  f o r  t h e  ac a l t e r n a t o r  s i g n a l s ,  a l l  d a t a  r e c o r d e d  on magne t i c  t a p e  
were f i l t e r e d  t o  60 Hz, d i g i t i z e d  a t  250 samples  p e r  s e c o n d ,  and s t o r e d  on 
t a p e .  From t h e s e  d i g i t i z e d  d a t a ,  d i r e c t  measurements  were o b t a i n e d  o f  c a r r i a g e  
s p e e d ,  braked-wheel a n g u l a r  v e l o c i t y ,  s k i d  s i g n a l  g e n e r a t e d  by t h e  a n t i s k i d  s y s -  
tem, b r a k e  p r e s s u r e  and t o r q u e ,  d r a g  f o r c e  Fx and s i d e  f o r c e  F , v e r t i c a l  
force a p p l i e d  to  t h e  t i r e ,  and a c c e l e r a t i o n s  of t h e  dynamometer. 'Force d a t a  
and a c c e l e r a t i o n s  ( u s e d  t o  make i n e r t i a l  c o r r e c t i o n s  t o  t h e  f o r c e  d a t a )  were 
combined t o  compute t h e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  p d  p a r a l l e l  t o  t h e  
d i r e c t i o n  o f  mot ion  and t h e  s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  ps p e r p e n d i c u l a r  
t o  t h e  d i r e c t i o n  o f  mot ion .  The l o a d  t ransfer  between t h e  two d r a g - f o r c e  beams 
p rov ided  a measure o f  t h e  a l i n i n g  t o r q u e  a b o u t  t h e  v e r t i c a l  o r  s t ee r ing  a x i s  of 
t h e  wheel (see f i g .  7 ) .  A p e r i o d  c o u n t e r  was used t o  c o n v e r t  t h e  braked-wheel  
a l t e r n a t o r  s i g n a l  t o  wheel  s p e e d ,  which was combined w i t h  t h e  carriage speed  t o  
y i e l d  wheel s l i p  speed  and wheel  s l i p  r a t i o .  T ime-his tory  p l o t s  o f  some of t h e  
measured p a r a m e t e r s  f o r  a t y p i c a l  a n t i s k i d  b r a k i n g  t e s t  are p r e s e n t e d  i n  f ig -  
u r e  1 0 ( a ) .  The v e r t i c a l  and d r a g  f o r c e s  are each  a sumination o f  two d a t a  chan- 
n e l s ,  w i t h  c o r r e c t i o n s  made f o r  a c c e l e r a t i o n  e f f ec t s .  The t i m e - h i s t o r y  p l o t s  
o f  f i g u r e  1 0 ( b )  are t h e  p a r a m e t e r s  computed from t h e  d a t a  o f  f i g u r e  1 0 ( a ) .  The 
b r a k e - p r e s s u r e  time h i s t o r y  i s  common t o  b o t h  f i g u r e s  1 0 ( a )  and 1 0 ( b ) .  
DEFINITIONS 
An a d e q u a t e  a s s e s s m e n t  o f  t h e  per formance  b e h a v i o r  o f  t h e  a n t i s k i d  b r a k i n g  
s y s t e m ,  which was s u b j e c t e d  t o  a wide v a r i e t y  o f  o p e r a t i o n a l  c o n d i t i o n s  d u r i n g  
t h e s e  tests,  r e q u i r e s  c a r e f u l  c o n s i d e r a t i o n  o f  many v a r i a b l e s .  Two methods 
were developed  t o  a n a l y z e  t h e  per formance  o f  t h e  a n t i s k i d  brak i ,ng  sys tem - one 
based  upon t i r e  f r i c t i o n  c o e f f i c i e n t s  and one based upon g e n e r a t e d  s t o p p i n g  and 
c o r n e r i n g  power. The v a r i o u s  f r i c t i o n  and power p a r a m e t e r s  which d e s c r i b e  t h e  
a n t i s k i d - s y s t e m  per formance  a re  d e f i n e d  i n  t h e  f o l l o w i n g  p a r a g r a p h s .  
Tire F r i c t i o n  Terms 
Time-his tory  p1.ot.s o f  wheel  s p e e d ,  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  
s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  us, and b rake  p r e s s u r e  f o r  a t y p i c a l  a n t i s k i d  
b r a k i n g  t e s t  are p r e s e n t e d  i n  f i g u r e  1 1  t o  h e l p  d e f i n e  t h o s e  p a r a m e t e r s  w h i c h  
d e s c r i b e  t h e  t i r e  f r i c t i o n a l  b e h a v i o r  under  s k i d  c o n t r o l .  For  t h e  t e s t  i l l u s -  
t r a t e d ,  t h e  b r a k e s  were a p p l i e d  a t  a p p r o x i m a t e l y  1 sec on t h e  time s c a l e ,  and 
f o u r  s k i d  c y c l e s  were g e n e r a t e d  o v e r  t h e  t e s t - s e c t i o n  l e n g t h .  
v d ,  
Drag-force f r i c t i o n  c o e f f i c i e n t s . -  The d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  
obse rved  b e f o r e  t h e  b r a k e s  are a p p l i e d  r e s u l t s  from t h e  t i r e  r o l l i n g  r e s i s t a n c e  
and is l a b e l e d  u r  i n  f i g u r e  11 .  For  t h o s e  t e s t s  on f l o o d e d  s u r f a c e s ,  p r  
a l s o  i n c l u d e s  t h e  r e s i s t a n c e  a t t r i b u t e d  t o  f l u i d  d r a g .  The d r a g - f o r c e  f r i c t i o n  
c o e f f i c i e n t  yd ,max 
s e n t s  t h e  maximum v a l u e  o f  which t h e  t i r e  i s  c a p a b l e  o f  d e v e l o p i n g  a t  t h a t  
i n s t a n t .  The magni tude  of pd max d u r i n g  a t e s t  depends  upon t h e  local  runway 
s u r f a c e  t e x t u r e  and t h e  wetnes4  c o n d i t i o n ,  b o t h  o f  which can  v a r y  a l o n g  t h e  
l e n g t h  o f  t h e  t e s t  s e c t i o n .  The t e m p e r a t u r e  o f  t h e  t i r e  t r e a d  may a l s o  be  a 
is  measured a t  t h e  i n c i p i e n t  wheel s k i d  p o i n t  and r e p r e -  
pd 
7 
c o n t r i b u t i n g  f ac to r  i n  d e t e r m i n i n g  t h e  magni tude  of p max, s. ince i n  f i g u r e  11 
some s l i g h t  d i f f e r e n c e s  can  be  no ted  among t h e  f o u r  v a f d e s  o f  t h i s  c o e f f i c i e n t .  
I n  o r d e r  t o  a s s i g n  a s i n g l e  v a l u e  t o  t h e  maximum a v a i l a b l e  d r a g - f o r c e  f r i c t i o n  
c o e f f i c i e n t ,  i n  l i g h t  of these d i f f e r e n c e s ,  a l l  v a l u e s  of developed  by 
t h e  b r a k i n g  sys tem t h r o u g h o u t  a n  i n d i v i d u a l  b r a k i n g  t es t  were ave raged  and are 
denoted  by 
l i m i t e d .  b r a k i n g  tests because  i n  hose cases t h e  maximum f r i c t i o n  l e v e l  was not  
reached. The term I t torque  l i m i t e d "  i n  t h i s  i n v e s t i g a t i o n  refers  t o  a s i t u a t i o n  
on a h i g h - f r i c t i o n  s u r f a c e  where,  f o r  a g i v e n  s u p p l y  p r e s s u r e ,  t h e  b r a k e  t o r q u e  
is i n s u f f i c i e n t  t o  d e v e l o p  t h e  maximum f r i c t i o n  a v a i l a b l e  and c a u s e  a comple t e  
spindown o f  t h e  t i r e .  It is  a p p a r e n t  t h a t  f o r  these t e s t s  no  a n t i s k i d  c y c l i n g  
o c c u r s .  
u'd,max 
Values  o f  iig,max are n o t  a v a i l a b l e  f o r  t h e  t o r q u e -  
The a v e r a g e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  iid deve loped  by t h e  a n t i s k i d  
b rak ing  sys tem d u r i n g  a c i v e n  t e s t  i s  d e f i n e d  by t h e  e x p r e s s i o n  
where to and t f ,  i d e n t i f i e d  i n  f i g u r e  1 1 ,  e n c l o s e  t h e  time i n t e r v a l  o v e r  
which l id  i s  measured .  The time to was chosen  when t h e  p r e s s u r e  a t  t h e  
b rake  reached t h e  maximum s y s t e m  p r e s s u r e  o r  when t h e  first s k i d  o c c u r r e d ,  and 
t h e  time 
t i o n .  The a v e r a g e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  was computed f o r  each brak-  
i n g  t e s t  w i t h  t h e  use  o f  numer i ca l  i n t e g r a t i o n  t e c h n i q u e s .  
t f  was t a k e n  j u s t  p r i o r  t o  b rake  release a t  t h e  end of t h e  t e s t  sec- 
S i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t s  .- The maximum s i d e - f o r c e  f r i c t i o n  c o e f f i -  
i s  obse rved  i n  f i g u r e  11 t o  b e  deve loped  when t h e  yawed wheel i s  
The a v e r a g e  s i d e - f o r c e  f r i c t i o n  coe f -  
deve loped  by t h e  a n t i s k i d  b r a k i n g  sys tem d u r i n g  b r a k i n g  i s  d e f i n e d  
c i e n t  
f ree  r o l l i n g  p r i o r  t o  b r a k e  a p p l i c a t i o n .  
f i c i e n t  
by an e x p r e s s i o n  s imi la r  t o  t h a t  f o r  G d .  T h i s  e x p r e s s i o n  
ys max 
I;, 
was a l s o  s o l v e d  by numer i ca l  i n t e s r a t i o n  t e c h n i q u e s  f o r  each  yr,wed wheel b rak -  
i n g  t e s t .  
Antiskid-System E f f e c t i v e n e s s  
Performance r a t i o s . -  I t  i s  a f o r m i d a b l e  t a s k  t o  e v a l u a t e  an a n t i s k i d  s y s -  
tem i n  terms o f  e f f i c i e n c y  o r  e f f e c t i v e n e s s .  The idea.1 e v a l u a t i o n  sys ten  would 
a s s i e n  a s i n g l e  per formance  n u r b e r  t o  t h e  s y s t e m ,  b u t  t h i s  i s  i n p o s s i b l e  
because  of  t h e  number o f  v a r i a b l e s  which must be  c o n s i d e r e d .  I n  an  a t t e m p t  t o  
p rov ide  a r a t i o n a l  and unb iased  method o f  e v a l u a t i n e :  t h e  per formance  of t h e  
a n t i s k i d  b r s k i n g  s y s t e m ,  t h e  f o l l o w i n g  per formance  r a t i o s  and power terms are 
o f f e r e d .  I n  o r d e r  t o  o b t a i n  a measure o f  t h e  b r a k i n g  per formance  o f  t h e  a n t i -  
s k i d  sys t em,  t h e  a v e r a g e  f r i c t i o n  c o e f f i c i e n t  deve loped  by  t h e  sys tem d u r i n g  a 
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run  was d i v i d e d  by t h e  maximum f r i c t i o n  c o e f f i c i e n t  deve loped  by t h e  sys tem f o r  
t h a t  r u n .  T h i s  b r a k i n g  per formance  r a t i o  n b  is  d e f i n e d  by t h e  e x p r e s s i o n  
where t h e  t i r e - r o l l i n g  r e s i s t a n c e  f r i c t i o n  c o e f f i c i e n t  pr  i s  s u b t r a c t e d  from 
b o t h  t h e  a v a i l a b l e  and t h e  deve loped  f r i c t i o n  c o e f f i c i e n t s  t o  i s o l a t e  t h e  brak-  
i n g  p o r t i o n  o f  t h e  d r a g  f o r c e .  
A similar r a t i o  i n v o l v i n g  t h e  a v e r a g e  and t h e  maximum s i d e - f o r c e  c o e f f i -  
c i e n t s  was used t o  d e f i n e  a c o r n e r i n g  per formance  r a t i o  n e :  
1-15 
us, max 
nc = (4) 
Power terms.- The pe r fo rmance  of  t h e  a n t i s k i d  sys t em can a l s o  be e x p r e s s e d  
i n  terms of t h e  gross  s t o p p i n g  power deve loped  by t h e  b r a k i n g  sys tem and by t h e  
s t o p p i n g  and c o r n e r i n s  power d i s s i p a t e d  by t h e  t i r e .  These  v a r i o u s  power terms 
are d e f i n e d  by e x p r e s s i o n s  which i n v o l v e  t h e  wheel  speed  V ( e a u i v a l e n t  t o  car-  
r iage s p e e d ) ,  t h e  d r a g  force 
F p e r p e n d i c u l a r  t o  t h e  wheel  p l a n e ,  t h e  wheel  yaw a n g l e  6 ,  and t h e  wheel 
d i p  r a t i o  S. 
speed  of  t h e  braked wheel  t o  t h e  c a r r i a g e  s p e e d ;  t h a t  i s ,  
!?, p a r a l l e l  t o  t h e  wheel p l a n e ,  t h e  s i d e  f o r c e  
S l i p  r a t i o  i s  d e f i n e d  a s  t h e  i n s t a n t a n e o u s  r a t i o  o f  t h e  s l i p  
where r = 0.492 m (1 .613  f t )  as  de te rmined  by a v e r a g i n g  t h e  r o l l i n g  r a d i i  from 
a number of free r o l l i n g  tests conducted  on t h e  t e s t  t i r e .  T ime-h i s to ry  p l o t s  
o f  some o f  t h e s e  v a r i a b l e s  d u r i n g  a t y p i c a l  a n t i s k i d  b r a k i n g  t e s t  are  p r e s e n t e d  
i n  f i g u r e  12. to 
and t f .  
b r a k i n g  t e s t  i s  
The power e x p r e s s i o n s  a re  d e f i n e d  o v e r  t h e  i n t e r v a l  between 
The g r o s s  S topp ing  power Pd ,q  deve loped  by t h e  a n t i s k i d  sys tem d u r i n g  a 
where t h e  term Fx c o s  6 + F 
no ted  i n  f i g u r e  12 t o  a s i n g y e  drag f o r c e  oppos ing  c a r r i a g e  mot ion .  
u c t  o f  v e l o c i t y  and time y i e l d s  t h e  d i s t a n c e  t h r o u g h  which t h e  f o r c e  ac t s  and 
comple t e s  t h e  work e q u a t i o n .  
s u r e  o f  t h e  power b e i n g  g e n e r a t e d .  
s i n  6 c o n v e r t s  t h e  measured d r a g  and s i d e  f o r c e s  
The prod-  
D i v i d i n g  the  work by  t h e  d u r a t i o n  p r o v i d e s  a mea- 
A measure o f  t h e  s t o p p i n g  power Pd, t  d i s s i p a t e d  by t h e  t i r e  is  g i v e n  by 
+ F s i n  I$ VS + F Y s i n  $ ( I  - S)V]dt ( 6 )  
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Y ) 
where carriage speed  i s  m u l t i p l i e d  by s l i p  r a t i o  t o  o b t a i n  t h e  s l i p  speed  (rela- 
t i v e  speed  between t i r e  and pavemen t ) .  The l a s t  term i n  e q u a t i o n  ( 6 1 ,  
Fy s i n  + ( I  - S)V d t ,  i s  a n  estirnate of t h e  work d i s s i p a t e d  by t h e  r o l l i n g  
n 
r e z i s t a n c e  a t t r i b u t e d  t o  a yawed r o l l i n g  t i r e .  
The c o r n e r i n g  power Pc , t  d i s s i p a t e d  by t h e  t i r e  c a n  be c l o s e l y  a p p r o x i -  
mated by  t h e  e x p r e s s i o n  
Pc,t  = qkj+ (FY cos (I - F, s i n  $ ) ( I  - S)V s i n  4~ d t  
' 0  
( 7 )  
where 
%le s i d e '  force p e r p e n d i c u l 3 r  t o  t h e  d i r e c t i o n  of  motion and ( 1  - S)V i s  t h e  
b r a k e d  w h e e l  s p e e d ,  which when m u l t i p l i e d  by  s i n  ~i y i e l d s  t h e  t i r e  l a t e r a l  
s l i p  s p e e d .  
Fy cos JI - Fx s i n  (I c o n v e r t s  t h e  n e a s u r e d  side and drag f o r c e s  t o  a s i n -  
If F,, F , and V a r e  measured i n  1J.S. Customary U n i t s ,  t h e n  t h e  v a l u e s  
de t e rmined  f r o m y e a u a t i o n s  (51 ,  ( 6 1 ,  and ( 7 )  r v u s t  be  d i v i d e d  by 550 t o  e x p r e s s  
t h e  power t e r n s  i n  mi t s  o f  ho r sepower .  
RESULTS A N D  DISCUSSION 
P e r t i n e n t  d a t a  o b t a i n e d  from a l l  t h e  a n t i s k i d  b r a k i n g  tests are p r e s e n t e d  
i n  t a b l e  I ,  t o g e t h e r  w i t h  parameters which desc r ibe  e a c h  t e s t  c o n d i t i o n ,  I n  
a d d i t i o n ,  t i m e - h i s t o r y  p l o t s  o f  key p a r a m e t e r s  i n  a.11 of t h e  t e s t s  are p r e -  
s e n t e d  i n  t h e  a p p e n d i x .  The t a b u l a r  da t a  and append ix  time h i s t o r i e s  are  g i v e n  
f o r  conven ience  of t h e  u s e r  i n  p l o t t i n g  t h e  da t a  i n  ways o t h e r  t h a n  those p re -  
s e n t e d  i n  t h e  body o f  t h i s  r e p o r t .  After s e v e r a l  i t e r a t i o n s ,  t h e  a u t h o r s  chose 
t h e  nethod o f  da ta  p r e s e n t a t i o n  t h a t  a p p e a r s  i n  t h e  f o l l o w i n g  s e c t i o n s .  These 
s e c t i o n s  descr ibe  t h e  braking-system b e h a v i o r ,  t h e  t i r e  f r i c t i o n  b e h a v i o r  unde r  
s k i d  c o n t r o l ,  and t h e  a n t i s k i d - s y s t e m  pe r fo rmance  under  a v a r i e t y  o f  o p e r a t i n g  
c o n d i t i o n s .  
Braking-System Behav io r  
I n  order  t o  a d e q u a t e l y  s t u d y  t h e  pe r fo rmance  of  t h e  a n t i s k i d  s y s t e m ,  i t  i s  
first n e c e s s a r y  t o  e s t a b l i s h  t h e  r e s p o n s e  c h a r a c t e r i s t i c s  of t h e  b rak i f ig  sys t em 
and i t s  components.  The followin: p a r a g r a p h s  descr ibe  t h e  b r a k e  p r e s s u r e -  
t empera tu re - to rque  r e s p o n s e ,  b rake  h y d r a u l i c  r e s p o n s e ,  a n t i s k i d - s y s t e m  elec- 
t r o n i c  r e s p o n s e ,  and braking-system r e s p o n s e  t o  t r a n s i e n t  runway f r i c t i o n  
c o n d i t i o n s .  
Pressure-temperature-toraug r e s p o n s e . -  T h e  r e l a t i o n s h i p  between b rake  p r e s -  
s u r e ,  b rake  t e m p e r a t u r e ,  and t o r a u e  deve loped  by  t h e  b r a k e  is i l l u s t r a t e d  by 
t h e  t i m e - h i s t o r y  p l o t s  of f i g u r e  13.  The d a t a  p r e s e n t e d  i n  t h e  f i g u r e  a r e  f o r  
a t o r q u e  l i m i t e d  t e s t ,  chosen  so as t o  e l i m i n a t e  t h e  e f fec ts  of  c y c l i c  b r a k i n g .  
For t h e  test i l l u s t r a t e d ,  b r a k i n g  was i n i t i a t e d  a b o u t  2.5 sec i n t o  t h e  t e s t ,  
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and t h e  b r a k e  p r e s s u r e  r a p i d l y  i n c r e a s e d  t o  t h e  sys t em o p e r a t i n g  p r e s s u r e  o f  
1 4  MPa (2000 p s i ) .  Since t h e  b r a k e  d i d  no t  produce  s u f f i c i e n t  b r a k e  t o r q u e  
t o  c a u s e  a wheel l ockup ,  t h e  b r a k e  p r e s s u r e  was not  modula ted  by the  a n t i s k i d  
sys t em b u t  remained  c o n s t a n t  f o r  t h e  r ema inde r  o f  t h e  b r a k i n g  e f fo r t .  The tem- 
p e r a t u r e  a t  one of t h e  b r a k e  i n n e r  s ta tors  a t  t h e  s tart  of t h e  t es t  was t h e  
ambien t  t e m p e r a t u r e  2 4 O  C (76O F ) ,  and a f te r  a p p r o x i m a t e l y  4 sec of heavy brak- 
ing  rose t o  81° C (178' F). 
and hence  no a i r  c o o l i n g ) ,  t h e  s t a t o r  r e a c h e d  a maximum t e m p e r a t u r e  of 265' C 
(507' F ) .  
h e a t  g e n e r a t e d  a t  t h e  b r a k e  pad surfaces t o  t h e  the rmocoup les .  The s t a t o r  tem- 
p e r a t u r e  gave a q u a l i t a t i v e  measure  of t h e  e n e r g y  d i s s i p a t e d  by t h e  b r a k e  even  
though  it d i d  n o t  g i v e  t h e  t e m p e r a t u r e  o f  t h e  b r a k e  d i s k  s u r f a c e s  themselves . .  
Approximate ly  5 min a f t e r  t h e  t es t  ( a t  z e r o  speed  
T h i s  time lag  i s  i n d i c a t i v e  of t h e  time r e a u i r e d  t o  t r a n s f e r  the 
The t o r q u e  deve loped  by t h e  b r a k e  i s  shown i n  f i g u r e  13 t o  i n c r e a s e  
r a p i d l y  from z e r o  t o  a p p r o x i m a t e l y  14 kN-m (10 000 f t - l b )  when b r a k i n g  was i n i -  
t i a t e d  and t h e n  t o  i n c r e a s e  g r a d u a l l y  u n t i l  t h e  end o f  t h e  t e s t .  T h i s  t o r q u e  
r ise which o c c u r r e d  unde r  a c o n s t a n t  b r a k e  p r e s s u r e  i s  a t t r i b u t e d  t o  h e a t i n g  o f  
t h e  b r a k e  s u r f a c e s  and i n d i c a t e s  t h a t  t h e  b rake  can  d e v e l o p  t o r q u e  more e f f i -  
c i e n t l y  a t  a n  e l e v a t e d  t e m p e r a t u r e .  No l o s s e s  i n  t o r q u e  a t t r i b u t e d  t o  b r a k e  
f a d e  were no ted  i n  t h i s  i n v e s t i g a t i o n .  
- H y d r a u l i c  r e s p o n s e . -  T i m e  h i s t o r i e s  o f  p r e s s u r e  r e s p o n s e s  a t  t h e  a n t i s k i d  
c o n t r o l  v a l v e  and a t  t h e  b r a k e  d u r i n g  a t y p i c a l  a n t i s k i d  b r a k i n g  t e s t  a r e  p re -  
s e n t e d  i n  f i g u r e  1 4 .  I n  t h i s  example ,  t h e  b r a k e  i s  n o t  t o r q u e  l i m i t e d  and t h e  
a n t i s k i d  sys tem i s  a c t i v e l y  modu la t ing  t h e  b rake  p r e s s u r e .  Approximately 3 m 
(10 f t )  o f  h y d r a u l i c  l i n e  and a l i n e  f u s e  s e p a r a t e  t h e  two t r a n s d u c e r s ,  and no 
a p p r e c i a b l e  h y d r a u l i c  l ags  a re  obse rved  inasmuch a s  t h e  s p i k e s  o f  b o t h  c u r v e s  
o c c u r  a t  a p p r o x i m a t e l y  t h e  sane t ime. 
E l e c t r o n i c  r e s p o n s e . -  The e l e c t r o n i c - r e s p o n s e  c h a r a c t e r i s t i c s  of t h e  a n t i -  
s k i d  sys t em can  be d e s c r i b e d  by e x a n i n i c g  t h e  wheel-speed s e n s o r  (ac i n p u t  sig- 
n a l )  and t h e  same s i g n a l  a f t e r  i t  h a s  pas sed  th rough  a n  ac-dc c o n v e r t e r  w i t h i n  
t h e  a n t i s k i d  c o n t r o l  box. T y p i c a l  t i m e - h i s t o r y  p l o t s  of  t h e s e  s i g n a l s  and t h e  
c o r r e s p o n d i n g  s k i d  s i g n a l  are p r e s e n t e d  i n  f i g u r e  15. The ac i n p u t  s i g n a l  i s  
p r o p o r t i o n a l  t o  wheel  speed  and r e p r e s e n t s  t h e  a c t u a l  o r  r e a l - t i n e  a n g u l a r  
v e l o c i t y  o f  t h e  braked wheel .  The ac-dc c o n v e r t e d  wheel-speed s i g n a l  i s  used 
by t h e  a n t i s k i d  sys t em t o  g e n e r a t e  t h e  s k i d  s i g n a l  v o l t a g e  t h a t  o p e r a t e s  t h e  
a n t i s k i d  c o n t r o l  v a l v e .  The p l o t s  i n  t h e  f icure i n d i c a t e  an  approx ima te  
40-msec l a g  betk-een t h e  i n p u t  s i g n a l  and t h e  c o n v e r t e d  s i g n a l  a n d ,  s i n c e  it 
rema ins  c o n s t a n t  f o r  a l l  t h e  s k i d  c y c l e s  e n c o u n t e r e d ,  i t  a p p e a r s  t o  be a func-  
t i o n  o f  t h e  sys tem e l e c t r o n i c s .  No time d e l a y s  a re  d e t e c t e d  between t h e  ac-dc 
c o n v e r t e d  s i g n a l  and t h e  s k i d  s i R n a l  ,genera ted  by t h e  a n t i s k i d  sys tem d u r i n g  
t h e  s k i d  c y c l e s .  T h e r e f o r e ,  t h e s e  da t a  would i n d i c a t e  t h a t  a r e s p o n s e  time of  
a p p r o x i m a t e l y  40 msec is  r e a u i r e d  f o r  t h e  a n t i s k i d  sys tem t o  r e a c t  t o  a wheel  
spindown. A s u b s e a u e n t  s e c t i o n  will d e m o n s t r a t e  how t h i s  r e a c t i o n  time c a n  be  
e s p e c i a l l y  c r i t i c a l  t o  t h e  b r a k i n g  sys tem r e s p o n s e  t o  t r a n s i e n t  runbray f r i c t i o n  
c o n d i t i o n s .  
C h a r a c t e r i s t i c s  of t h e  p r e s s u r e - b i a s  modu la t ion  employed by t h i s  a n t i s k i d  
sys t em t o  c o n t r o l  t h e  b r a k i n g  e f f o r t  are  s l s o  i l l u s t r a t e d  i n  f i , q u r e  15. Most 
prominent  i s  t h e  b u i l d u p  i n  r e s i d u a l  s k i d  s i g n a l  w i t h  r e p e a t e d  . b r a k i n g  c y c l e s .  
The f u n c t i o n  of  t h i s  r e s i d u a l  s k i d  s i q n a l  i s  t o  cause t h e  a p p l i c a t i o n  o f  b r a k e s  
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to  be more g r a d u a l  d u r i n g  s u b s e q u e n t  brake c y c l e s  i n  a n  e f f o r t  t o  r e d u c e  t h e  
s e v e r i t y  of t h o s e  s k i d s .  T h i s  r e s i d u a l  s k i d  s i g n a l  i s  shown i n  f i g u r e  15 t o  
decay  a t  a c o n s t a n t  rate f o l l o w i n g  r e c o v e r y  o f  t h e  wheel from a sk id  c y c l e .  
Hence, the  r e - a p p l i c a t i o n  o f  b r a k e  p r e s s u r e  f o l l o w i n g  a s k i d  c y c l e  i s  i n f l u -  
enced by t h e  sk id  c y c l e s  which p r e c e d e  i t .  The f o l l o w i n g  s e c t i o n  i l l u s t r a t e s  
how t h e  decay  rate o f  t h i s  r e s i d u a l  s k i d  s i g n a l  affects  t h e  r e s p o n s e  of t h e  
b r a k i n g  sys tem t o  t r a n s i e n t  runway f r i c t i o n  c o n d i t i o n s .  
T r a n s i e n t  runwav f r i c t i o n  resDonse . -  T ime-h i s to ry  p l o t s  o f  t h e  wheel 
s p e e d ,  s k i d  s i g n a l ,  b r a k e  p r e s s u r e ,  and d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  are p re -  
s e n t e d  i n  f i g u r e  16 f o r  two t r a n s i e n t  runway f r i c t i o n  c o n d i t i o n s  t o  show t h e  
a d a p t i v e  character is t ics  o f  t h e  a n t i s k i d  sys tem.  The r e s p o n s e  o f  t he  b r a k i n g  
sys tem t o  a s i n g l e  t r a n s i t i o n  from a d r y  t o  a f l o o d e d  runway s u r f a c e  i s  pre- 
s e n t e d  i n  f i g u r e s  1 6 ( a )  and 1 6 ( b )  f o r  nominal carriage speeds  o f  49 k n o t s  and 
103 k n o t s ,  r e s p e c t i v e l y .  A t  b o t h  t e s t  s p e e d s ,  t h e  b r a k e  p r e s s u r e  reached t h e  
maximum sys tem o p e r a t i n g  p r e s s u r e  o f  21 MPa (3000 p s i )  on t h e  d r y  s u r f a c e ,  a n d ,  
upon e n t e r i n g  the  f l o o d e d  s e c t i o n ,  t h e  wheel r a p i d l y  decelerated t o  a locked  
wheel s k i d .  A t  a speed  o f  49 k n o t s ,  t h e  a n t i s k i d  sys t em q u i c k l y  responded by 
r e d u c i n g  brake p r e s s u r e  and c y c l i n g  no rma l ly  d u r i n g  t h e  r ema inde r  o f  t h e  r u n  on 
the  f looded  s u r f a c e .  A t  a carriage speed  of 103 k n o t s ,  t h e  wheel n e v e r  d i d  
f u l l y  r e c o v e r  from t h e  s k i d  a l t h o u g h  some s p i n u p  was n o t e d  between 2 and 3 sec 
i n t o  t he  t e s t .  The i n a b i l i t y  of t h e  a n t i s k i d  sys t em t o  p r e v e n t  a locked  wheel 
s k i d  as t h e  t i r e  t r a v e r s e d  a d ry - to - f looded  runway s u r f a c e  i s  a t t r i b u t e d ,  a t  
l eas t  i n  p a r t ,  t o  t h e  30- t o  40-msec r e s p o n s e  time r e q u i r e d  f o r  t h e  a n t i s k i d  
sys tem t o  s e n s e  t h e  a b r u p t  change  i n  t h e  runway f r i c t i o n  l e v e l .  I t  shou ld  be  
no ted  t h a t  t h e  p r e d i c t e d  s p i n u p  h y d r o p l a n i n g  s p e e d  f o r  t h e  t i r e  was 91 k n o t s  
( e q u i v a l e n t  t o  a wheel speed  o f  15.16 r p s )  based on a t i r e  i n f l a t i o n  p r e s s u r e  
o f  0.96 MPa (140 p s i )  (see ref .  5 ) .  Thus, once  t h e  t i r e  had spun down, there  
was i n s u f f i c i e n t  t o r q u e  t o  s p i n  t h e  t i r e  up a g a i n  even though b rake  p r e s s u r e  
had dropped t o  n e g l i g i b l e  v a l u e s .  
T i m e  h i s t o r i e s  of  t e s t  r u n s  selected t o  i l l u s t r a t e  t h e  r e s p o n s e  o f  t h e  
b r a k i n g  sys tem i n  t r a n s i t i o n  from a f l o o d e d  t o  a d r y  runway s u r f a c e  are pre- 
s e n t e d  i n  f i g u r e s  1 6 ( c )  and 1 6 ( d )  f o r  nominal carr iage s p e e d s  of 50 k n o t s  and 
101 k n o t s ,  r e s p e c t i v e l y .  I n  b o t h  t e s t s  t h e  wheel  was spun up t o  carriage speed  
on a d ry  surface b e f o r e  e n t e r i n g  t h e  f l o o d e d  tes t  s e c t i o n  where b r a k i n g  was 
a p p l i e d .  Figure 1 6 ( c )  shows t h a t  a t  50 k n o t s  t h e  a n t i s k i d  system p r o p e r l y  con- 
t r o l l e d  t h e  b r a k i n g  a c t i o n  on t h e  f l o o d e d  p o r t i o n  o f  t h e  t e s t  s e c t i o n .  Follow- 
i n g  an i n i t i a l  deep s k i d ,  c y c l i c  b r a k i n g  o c c u r r e d  where in  t h e  brake pressure 
neve r  exceeded a l e v e l  o f  a p p r o x i m a t e l y  9 MPa (1270 p s i ) .  Upon r e a c h i n g  t h e  
d ry  p o r t i o n ,  t h e  brake p r e s s u r e  i n c r e a s e d  a l m o s t  l i n e a r l y  o v e r  a 3-sec i n t e r v a l  
( a  slow r a t e  commensurate w i t h  i n f o r m a t i o n  from p r e v i o u s  s k i d  s i g n a l s )  u n t i l  a 
p r e s s u r e  o f  a p p r o x i m a t e l y  16 MPa (2360 p s i )  produced t h e  first s k i d  c y c l e  on 
t h a t  s u r f a c e .  Fo r  t h e  t e s t  run  a t  a nominal c a r r i a g e  speed o f  101 k n o t s  
( f i g .  1 6 ( d ) ) ,  t h e  w h e e l ,  due t o  dynamic t i r e  h y d r o p l a n i n g ,  commenced t o  s p i n  
down on t h e  f looded  s e c t i o n  b e f o r e  b r a k e s  were a p p l i e d  a t  a s p e e d  o f  113 k n o t s .  
The p r e d i c t e d  t i r e  spindown hydrop lan ing  speed  was 106 k n o t s  ( e q u i v a l e n t  wheel 
speed, 17.66 r p s )  based on an i n f l a t i o n  p r e s s u r e  of 0 .96  MPa (140 p s i )  (see 
re f .  5 ) .  Upon r e a c h i n g  t h e  d r y  s e c t i o n ,  t h e  wheel r a p i d l y  spun up t o  t h e  car- 
r i a g e  speed ,  and a p p r o x i m a t e l y  2 .5  sec l a t e r  t h e  brake p r e s s u r e  had i n c r e a s e d  
t o  a p p r o x i m a t e l y  14 MPa (2000 p s i ) .  A maximum o p e r a t i n g  pressure of 21 I4Pa 
(3000 p s i )  was a v a i l a b l e  t o  t h e  sys tem.  The r e l a t i v e l y  s low i n c r e a s e  i n  brake 
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p r e s s u r e  a f t e r  t h e  t r a n s i t i o n  from t h e  f looded  t o  t he  d r y  runway surface i s  a 
f u n c t i o n  o f  t h e  decay  r a t e  o f  t h e  r e s i d u a l  s k i d  s i g n a l  b u i l t  up by t h e  a n t i s k i d  
s y s t e m ' s  p r e s s u r e - b i a s  modu la t ion  c i r c u i t  on t h e  f l o o d e d  p o r t i o n  o f  t h e  runway. 
T i r e  F r i c t i o n a l  Behav io r  Under S k i d  C o n t r o l  
gffect  o f . - c v c l i c - b r a k i n e n  maximum draR-fOrCe f r i c t i o n  c o e f f i c i e n t  .- Val- 
u e s  o f  t h e  maximum d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  o b t a i n e d  from a n t i -  
s k i d  b r a k i n g  tests on t h e  v a r i o u s  runway c o n d i t i o n s  are p r e s e n t e d  as a f u n c t i o n  
o f  carriage speed  i n  f i g u r e  17. Data are p r e s e n t e d  f o r  e a c h  t e s t  c o n d i t i o n  a t  
nominal carriage s p e e d s  o f  50 ,  75,  and 100 k n o t s .  The v a l u e s  o f  1.1 are 
p l o t t e d  f o r  t h e  i n d i v i d u a l  b r a k e  c y c l e s  and are  numbered sequent ia l$$m?& each  
b r a k i n g  t es t .  For example ,  unde r  n a t u r a l - r a i n  c o n d i t i o n s ,  5 brake c y c l e s  
o c c u r r e d  d u r i n g  t h e  nominal 50- and 75-knot tests and 4 c y c l e s  were n o t e d  a t  
100 k n o t s .  The data  on t h e  f looded  s u r f a c e  i n d i c a t e d  v e r y  l i t t l e  change  i n  
Pd max The  data o b t a i n e d  i n  t h e  damp and 
n a t u r a l - r a i n  c o n d i t i o n s  i n d i c a t e  t h a t  t h e  v a l u e  of  pd max g e n e r a l l y  decreases 
from t h e  f i rs t  t o  t h e  l a s t  brake c y c l e .  T h i s  t r e n d  wab i n i t i a l l y  a t t r i b u t e d  t o  
t i r e  h e a t i n g .  However, t h e  da ta  from t h e  d r y  runway t es t s ,  where i t  would 
a p p e a r  t h a t  h e a t i n g  e f f ec t s  would be  much more pronounced ,  d i d  n o t  e x h i b i t  a 
similar t r e n d .  Thus t h e  v a r i a t i o n  i n  ud ,max f o r  t h e  i n d i v i d u a l  brake cyc les  
would a p p e a r  t o  be u n p r e d i c t a b l e ,  and  t h e  v a r i a t i o n  i s  n o t  e x p l a i n e d  on t h e  
b a s i s  o f  temperature e f f ec t s  a l o n e .  I n d e e d ,  s u c h  o t h e r  f a c t o r s  as t i r e  sc rub-  
b i n g ,  which  exposes  new and p o s s i b l y  c o o l e r  r u b b e r  t o  t h e  f o o t p r i n t ,  and runway- 
s u r f a c e  t e x t u r e  v a r i a t i o n s  may p l a y  a n  i m p o r t a n t  r o l e .  
I-'d," 
between f irst  and l as t  brake c y c l e s .  
A compar ison  between t h e  v a l u e  o f  I-'d max measured d u r i n g  s i n g l e - c y c l e  
b rak ing  tests, r u n  w i t h o u t  a n t i s k i d  p r o t e c t i o n ,  and t h e  a v e r a g e  o f  co r re spond-  
i n g  v a l u e s  measured under  i d e n t i c a l  t e s t  c o n d i t i o n s  b u t  w i t h  t h e  a n t i s k i d  sys -  
tem o p e r a t i o n a l  is p r e s e n t e d  i n  f i g u r e  18. The data  are p r e s e n t e d  s e p a r a t e l y  
f o r  d r y ,  damp, f l o o d e d ,  and combined t e s t  c o n d i t i o n s ,  and t h e  da ta  f o r  each con- 
d i t i o n  are fa i red  by a l e a s t - s q u a r e s  fit  t h r o u g h  t h e  p l o t  o r i g i n s .  The data 
i n d i c a t e  t h a t  t h e  maximum d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t s  o b t a i n e d  from s i n g l e -  
c y c l e  b r a k i n g  tests t e n d  t o  o v e r e s t i m a t e  t h e  a v e r a g e  maximum c o e f f i c i e n t s  d e v e l -  
oped by t h e  a n t i s k i d  sys t em on t h e  d r y  and f l o o d e d  s u r f a c e s  and t o  u n d e r e s t i -  
mate t h o s e  on a damp s u r f a c e .  When t h e  data from a l l  t h ree  s u r f a c e  we tness  con- 
d i t i o n s  are compared s i m u l t a n e o u s l y ,  t h e  t endency  i s  f o r  t h e  s i n g l e - c y c l e  data 
t o  o v e r e s t i m a t e  t h e  maximum drag c o e f f i c i e n t  a v a i l a b l e  t o  t he  a n t i s k i d  sys tem.  
These  r e s u l t s  imply  t h a t  b r a k i n g  per formance  c a l c u l a t i o n s  based upon v a l u e s  o f  
iid,max 
per formance  based on Pd max 
n e g l e c t s  runway-sur face  TSariat ions and t i r e  h e a t i n g  e f f e c t s ,  f o r  example.  
o b t a i n e d  from a number of a n t i s k i d  c y c l e s  shou ld  be b e t t e r  d e f i n e d  t h a n  
from a s i n g l e  brake c y c l e  b e c a u s e  t h e  l a t t e r  
Effect of ._ tes t  Parameters _on maximum d r a n - f o r c e  f r i c t i o n  c o e f f i c i e n t . -  
The a v e r a g e  maximum d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  
unyawed t i r e  under  d r y ,  damp, f l o o d e d ,  and n a t u r a l - r a i n  c o n d i t i o n s  is  p r e s e n t e d  
as a f u n c t i o n  of carriage speed  i n  f i g u r e  19. The f a i r i n g s  i n  t h e  f i g u r e  are 
l i n e a r  l e a s t - s q u a r e s  c u r v e  f i t s  of  t h e  data. Also n o t e d  on  t h e  f i g u r e  i s  t h e  
maximum v a l u e  o f  t h e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t ,  0.78, p r e d i c t e d  from t h e  
e m p i r i c a l  e x p r e s s i o n  deve loped  i n  r e f e r e n c e  IO a t  v e r y  low s p e e d s .  The d r y  
data f o r  iid,max t e n d  t o  s u b s t a n t i a t e  t h i s  p r e d i c t i o n  i f  e x t r a p o l a t e d  t o  zero 
'd,max as developed  by t h e  
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s p e e d .  A s  e x p e c t e d ,  c d  max v a l u e s  f o r  t he  w e t  runway s u r f a c e s  are s u b s t a n -  
t i a l l y  lower  t h a n  t h o s e  ?'or t h e  d r y  runway and t h e  d i f f e r e n c e  becomes greater 
w i t h  i n c r e a s i n g  water d e p t h ,  p a r t i c u l a r l y  a t  t h e  h i g h e r  s p e e d s .  The v a l u e s  o f  
'd m a x  
ruhway n e a r  t h e  p red ic t ed  t i r e  spindown h y d r o p l a n i n g  speed  o f  106 k n o t s .  
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  v a l u e s  o f  
t i o n  a r e  f a i r l y  well bracke ted  by t h e  v a l u e s  f o r  t h e  damp and f l o o d e d  runway 
tes t  c o n d i t i o n s .  
are shown i n  f i g u r e  19 t o  approach  n e g l i g i b l e  v a l u e s  on t h e  f l o o d e d  
It i s  
iid f o r  t h e  n a t u r a l - r a i n  t e s t  condi -  
The data o f  f i g u r e  19 were o b t a i n e d  a t  Oo yaw a n q l e .  The f a i r i n g s  o f  
these data f o r  t h e  d r y ,  damp, and f l o o d e d  c o n d i t i o n s  a re  r e c o n s t r u c t e d  i n  f ig -  
u r e  20 ,  t o g e t h e r  w i t h  c o r r e s p o n d i n g  data  o b t a i n e d  a t  yaw a n g l e s  o f  3 O  and 6 O ,  
t o  show t h e  e f f e c t  o f  yaw a n g l e  on jid max. 
yaw a n g l e  is dependent  upon t h e  s u r f a c d  wetness c o n d i t i o n .  
c d  max 
r e d u c t i o n  is less  pronounced on t h e  damp s u r f a c e ,  and no s i g n i f i c a n t  r e d u c t i o n  
in pd,max 
v a l u e s  of  pd max are p l o t t e d  as a f u n c t i o n  o f  carriage speed  on d r y ,  damp, 
and f looded  rdnway s u r f a c e s .  
fa i red  c u r v e s  o f  f i g u r e  19. F i g u r e  21 i n d i c a t e s  t h a t ,  when t h e  new tread i s  
replaced by a worn t r e a d ,  t h e  a v e r a g e  maximum d r a g  c o e f f i c i e n t  i s  reduced  d u r i n g  
damp o r  f l o o d e d  runway c o n d i t i o n s .  The tread c o n d i t i o n  a p p e a r s  t o  have  no 
e f fec t  on iid,max 
t r e n d  no ted  i n  r e f e r e n c e  2 .  
F i g u r e  20 shows t h a t  t h e  e f fec t  o f  
is no ted  on t h e  d r y  s u r f a c e  w i t h  t h e  i n t r o d u c t i o n  o f  yaw; however,  t h i s  
A r e d u c t i o n  i n  
v a l u e s  w i t h  yaw a n g l e  was obse rved  on t h e  f l o o d e d  s u r f a c e .  
The e f fec t  o f  t i r e  tread wear on iid,max is  shown i n  f i gu re  21 where t h e  
The new-tread da ta  were a g a i n  o b t a i n e d  from t he  
d u r i n g  d r y  runway o p e r a t i o n s ,  which agrees w i t h  a similar 
Effect of t e s t  Darameters on maximum a v a i l a b l e  s i d e - f o r c e  f r i c t i o n  
c o e f f i c i e n t . -  The  maximum s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t s  a v a i l a b l e  t o  t h e  
t i r e  under d r y ,  damp, and f looded  c o n d i t i o n s  are p l o t t e d  as a f u n c t i o n  o f  car- 
riage speed  i n  f i g u r e  22. The f a i r i n g s  i n  t h e  f i g u r e  are  l i n e a r  l e a s t - s q u a r e s  
c u r v e  f i t s  o f  t h e  data .  The 1 . 1 ~  max v a l u e s  f o r  t h e  wet runway s u r f a c e s  are 
lower  t h a n  t h o s e  f o r  t h e  d r y  runhay ,  and t h e  d i f f e r e n c e  becomes g r e a t e r  w i t h  
i n c r e a s i n g  water d e p t h .  The v a l u e s  of 1 . 1 ~  max are shown i n  t h e  f i g u r e  t o  be 
z e r o  on t h e  f l o o d e d  runway n e a r  t h e  p r e d i c t e d  t i r e  spindown h y d r o p l a n i n g  speed 
o f  106 k n o t s .  a t  a 6' yaw a n g l e  are sub- 
s t a n t i a l l y  h i g h e r  t h a n  t h o s e  a t  a 3' yaw angye  on t h e  d r y  and t h e  damp runway 
s u r f a c e s .  An o p p o s i t e  t r e n d ,  however s l i g h t ,  was obse rved  on the  f l o o d e d  s u r -  
face, which i n d i c a t e s  t h a t  t h e  s i d e  f o r c e  reached a maximum v a l u e  a t  some yaw 
a n g l e  between 3' and 6 O .  
A s  e x p e c t e d ,  t h e  v a l u e s  o f  1.1 ,max 
The effect  o f  t i r e  t read  wear on ps,max i s  shown i n  f i g u r e  23 where t h e  
v a l u e s  of us max 
p l o t t e d  as a f u n c t i o n  of carriage speed .  
the  f a i r e d  c u r v e s  f o r  t h e  6' yaw a n g l e  from f igu re  22. 
i n d i c a t e  t h a t  decreases more r a p i d l y  w i t h  carriage v e l o c i t y  f o r  t h e  
worn tread than  f o r  t h e  new tread on t h e  wet runway surfaces.  
a t  a 6' yaw a n g l e  on damp and f l o o d e d  runway s u r f a c e s  are 
The new-tread da t a  were o b t a i n e d  from 
The da ta  from f i g u r e  23 
I n t e r a c t i o n  between b r a k i n g  and c o r n e r i n g . -  T y p i c a l  t i r e  f r i c t i o n a l  
r e s p o n s e  t o  a n t i s k i d  b r a k i n g  on d r y  and f l o o d e d  runway s u r f a c e s  i s  p r e s e n t e d  i n  
f i g u r e  24. The d r a  - and s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t s  pd and ps f o r  
t h e  t i r e  yawed t o  6g a n d ,  o p e r a t i n g  a t  a nominal  carriage speed  o f  75 k n o t s ,  
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are p l o t t e d  as a f u n c t i o n  o f  wheel  s l i p  r a t i o .  The data p r e s e n t e d  i n  f igure 24 
i l l u s t r a t e  t h e  i r r e g u l a r  n a t u r e  o f  t h e  a n t i s k i d  b r a k i n g  c o n t r o l .  The random 
p e r t u r b a t i o n s  can  be a t t r i b u t e d  t o  a combina t ion  o f  s u c h  f a c t o r s  as small f l u c -  
t u a t i o n s  i n  t h e  t i r e  v e r t i c a l  l o a d  due  t o  runway unevenness ,  f l e x i b i l i t y  i n  t h e  
wheel s u p p o r t  which would be ref lected i n  t h e  measured drag and s i d e  f o r c e s ,  
v a r i a t i o n s  i n  t h e  runway s u r f a c e  f r i c t i o n  character is t ics ,  and s p r i n g  c o u p l i n g  
between t h e  wheel and t h e  pavement p rov ided  by t h e  t i r e .  Refe rence  11 d i s -  
c u s s e s  some o f  these f a c t o r s .  
The data p r e s e n t e d  i n  f i g u r e  24 i l l u s t r a t e  t h e  t r a c t i o n  l o s s e s  a s s o c i a t e d  
w i t h  flooded-runway o p e r a t i o n s .  For example,  on t h e  d r y  s u r f a c e  t h e  maximum 
v a l u e  of pd  
f l o o d e d  s u r f a c e .  A similar l o s s  is  no ted  i n  t h e  s i d e - f o r c e  f r i c t i o n  c o e f f i -  
c i e n t s  where t h e  maximum v a l u e  o f  a p p r o x i m a t e l y  0 .4  on t h e  d r y  runway r e d u c e s  
t o  a p p r o x i m a t e l y  0 .2  when t h e  runway was f looded .  The f i g u r e  a l s o  d e m o n s t r a t e s  
t h e  r a p i d  d e t e r i o r a t i o n  i n  t h e  t i r e  c o r n e r i n g  c a p a b i l i t y  w i t h  i n c r e a s e d  b r a k i n g  
e f f o r t  ( t i r e  s l i p ) .  The v a l u e  o f  p i s  reduced  a p p r o x i m a t e l y  75 p e r c e n t  on 
t h e  d ry  runway a t  a s l i p  r a t i o  o f  o n f y  0 .3 ,  t h e  maximum reached i n  t h e  t es t  
i l l u s t r a t e d ,  and i s  reduced  t o  a n e g l i g i b l e  v a l u e  a t  t h a t  s l i p  r a t i o  on t h e  
f looded  s u r f a c e .  These t r e n d s  are  c o n s i s t e n t  w i t h  t h o s e  no ted  f o r  s imi la r  a n t i -  
s k i d  b r a k i n g  tests r e p o r t e d  i n  r e f e r e n c e  1 .  
is s l i g h t l y  greater t h a n  0 .55  bu t  i t  n e v e r  e x c e e d s  0.2 on t h e  
Ant i sk id-Sys tem Per formance  
Brak ing  Derformance.-  I n  t h i s  s e c t i o n ,  two terms are  used  t o  p r e s e n t  a mea- 
s u r e  o f  a n t i s k i d  pe r fo rmance :  ( 1 )  t h e  per formance  r a t i o ,  which assesses t h e  
a b i l i t y  o f  t h e  a n t i s k i d  sys t em t o  u s e  t h e  f r i c t i o n  t h a t  i s  a v a i l a b l e  a t  t h e  
t i r e / r u n w a y  i n t e r f a c e ;  and ( 2 )  t h e  t o t a l  s t o p p i n g  power deve loped  by t h e  a n t i -  
s k i d  sys t em,  which  e s s e n t i a l l y  d e s c r i b e s  t h e  e x t e n t  o f  t h e  b r a k i n g  e f f o r t .  
A n t i s k i d  b r a k i n g  per formance  r a t i o s  nb  were computed f o r  a l l  b r a k i n g  
t e s t s  e x c e p t  t h o s e  which were t o r q u e  l i m i t e d ,  i n v o l v e d  t i r e  h y d r o p l a n i n g ,  o r  
were performed under t r a n s i e n t  runway f r i c t i o n  c o n d i t i o n s .  Va lues  o f  n b  are 
l i s t e d  i n  t a b l e  I and a re  p l o t t e d  i n  f i g u r e  25 a s  a f u n c t i o n  o f  t h e  a v e r a g e  
maximum a v a i l a b l e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  jid max. I n  f i g u r e  25 ,  da t a  
f o r  a l l  s u r f a c e  c o n d i t i o n s  are p l o t t e d ,  and t h e  w i d e  Eange o f  t e s t  v a r i a b l e s  
( s u r f a c e  c o n d i t i o n ,  yaw a n g l e ,  carriage s p e e d ,  t i r e  wear, e t c . )  r e s u l t e d  i n  t h e  
sca t te r  shown. The b r a k i n g  per formance  r a t i o  f o r  a l l  damp, f l o o d e d ,  and 
n a t u r a l - r a i n  t e s t s  v a r i e d  from a p p r o x i m a t e l y  0.4 t o  0 . 8 ,  w i t h  an  a v e r a g e  v a l u e  
o f  0 .65;  and t h e  magni tude  o f  i i d , m P  on these  s u r f a c e s  n e v e r  exceeded 0 .41 .  
The b r a k i n g  performance r a t i o  f o r  a 1 d r y - s u r f a c e  t e s t s  v a r i e d  from approx i -  
ma te ly  0 .75  t o  0 .95,  w i t h  a n  a v e r a g e  v a l u e  of 0 .83,  and t h e  r a n g e  o f  jid,max 
ex tended  from 0.43 t o  0 .74 .  Thus,  t h e  a n t i s k i d  b r a k i n g  sys tem s u f f e r s  a l o s s  
i n  per formance  on wet s u r f a c e s ,  t h e  s u r f a c e s  t h a t  have  t h e  g r e a t e s t  need f o r  
good per formance  s i n c e  t h e y  have  lower  f r i c t i o n  c o e f f i c i e n t s .  
F i g u r e  26 p r e s e n t s  bar-graph da ta  d e s c r i b i n g  t h e  e f fec t  o f  t h e  v a r i o u s  
t es t  v a r i a b l e s  on iib. The v a l u e  o f  iib is  a n u n e r i c a l  a v e r a g e  o f  a l l  t h e  
data from a g i v e n  t e s t  c o n d i t i o n .  Fo r  example,  t h e  d r y ,  50-knot bar  g r a p h  
( f i g .  2 6 ( a ) )  i s  t h e  a v e r a g e  o f  a l l  d r y  r u n s  conducted  a t  50 k n o t s ,  i n c l u d i n g  
15 
t he  v a r i o u s  yaw a n g l e s ,  v e r t i c a l  forces, t i r e  c o n f i g u r a t i o n s ,  and sys tem p r e s -  
s u r e s .  Data fo r  a l l  test  c o n d i t i o n s  are p r e s e n t e d  i n  table I and i n  t he  appen- 
d i x .  To i l l u s t r a t e  t h e  characterist ics of t h e  a n t i s k i d  s y s t e m ,  t h e  a u t h o r s  
have chosen  t o  p r e s e n t  t h e  data i n  bar-graph form as shown, f o r  example,  i n  f ig- 
u r e  26. On t h e  d r y  s u r f a c e ,  6b is shown t o  i n c r e a s e  w i t h  carriage s p e e d ,  yaw 
a n g l e ,  and t i r e  v e r t i c a l  force,  t o  decrease when t h e  new tread is  r e p l a c e d  by  a 
worn tread, and t o  be i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  sys tem o p e r a t i n g  p r e s s u r e  
f o r  t he  two p r e s s u r e s  tes ted.  On t h e  wet runway s u r f a c e s ,  'ib decreases w i t h  
c a r r i a g e  s p e e d ,  tread wear, and s y s t e m  o p e r a t i n g  p r e s s u r e ,  fib i s  s l i g h t l y  
h igher  when t h e  t i r e  i s  yawed 3' b u t  t h e n  decreases f o r  t h e  60 yaw a n g l e ,  and 
iib i n c r e a s e s  w i t h  t i r e  v e r t i c a l  force.  The v a r i a t i o n  o f  5 w i t h  speed  on  
t h e  d i f f e r e n t  s u r f a c e s  i s  i n  agreement  w i t h  t r e n d s  r e p o r t e d  i n  r e f e r e n c e  1 on 
a similar a n t i s k i d  sys tem.  The data d e p i c t e d  i n  f i g u r e  26 imply  t h a t  t h e  brak- 
i n g  per formance  o f  t h i s  a n t i s k i d  sys tem would n o t  b e  degraded d u r i n g  c rosswind  
o p e r a t i o n s  (yaw-angle e f fec ts )  b u t  migh t  be  a d v e r s e l y  affected by e x c e s s i v e  
wing l i f t  d u r i n g  t h e  l a n d i n g  r o l l o u t  ( v e r t i c a l - f o r c e  e f f e c t s ) .  These r e s u l t s  
a l s o  i n d i c a t e  t h a t  t h e  a n t i s k i d - s y s t e m  b r a k i n g  per formance  may b e  a d v e r s e l y  
affected by e x c e s s i v e  t i r e  wear and t h a t  t h e  a n t i s k i d  system may per form more 
e f f e c t i v e l y  on s l i p p e r y  runways a t  reduced  s y s t e m  o p e r a t i n g  p r e s s u r e s .  
b 
developed  by t h e  a n t i s k i d  sys tem,  which is 
a measure o f  t he  o v e r a l l  a n t i s k i d  g r a k i n g  e f f o r t ,  is  l i s t e d  i n  t ab le  I f o r  each 
t e s t  c o n d i t i o n .  Bar graphs  which a v e r a g e  these data are p r e s e n t e d  i n  f i g u r e  27 
t o  descr ibe  the  e f f ec t s  o f  t e s t  parameter v a r i a t i o n s .  The da t a  from t o r q u e -  
l i m i t e d  tests and from t e s t s  i n v o l v i n g  t i r e  h y d r o p l a n i n g  a re  i n c l u d e d  i n  the  
f i g u r e  b u t  n o t  t h e  da ta  from t e s t s  performed under  t r a n s i e n t  runway f r i c t i o n  
c o n d i t i o n s .  A s  e x p e c t e d ,  b e c a u s e  o f  h i g h e r  a v a i l a b l e  f r i c t i o n  c o e f f i c i e n t ,  
on t h e  d r y  runway s u r f a c e  i s  more t h a n  d o u b l e  t h e  v a l u e  on t h e  wet runway 'd , 
s u r 9 a c e s .  On t h e  d r y  s u r f a c e ,  Pd is  shown t o  i n c r e a s e  w i t h  carriage speed ,  
yaw a n g l e ,  t i r e  v e r t i c a l  f o r c e ,  t r d s d  wear, and sys tem o p e r a t i n g  p r e s s u r e .  On 
is  shown t o  be i n s e n s i t i v e  t o  v a r i a t i o n s  i n  t h e  t h e  wet runway s u r f a c e s ,  
ca r r iage  s p e e d ,  t o  decrease w i t h  yaw a n g l e ,  t r ead  wear, and sys tem o p e r a t i n g  
p r e s s u r e ,  and t o  b e  h i g h e r  f o r  t i r e  v e r t i c a l  f o r c e s  i n  e x c e s s  of 89 kN 
( 2 0  000 l b f )  t h a n  f o r  t h e  lower t i r e  v e r t i c a l  f o r c e s  i n  t h e  r a n g e  71 kN t o  
89 kN. I n  g e n e r a l ,  t h e  t r e n d s  f o r  are i n  agreement  w i t h  t h e  t r e n d s  
noted  f o r  iib i n  f i g u r e  26; howeverTdtgere  a re  some n o t a b l e  e x c e p t i o n s .  For 
example,  on t h e  d r y  runway, i n c r e a s e s  i n  t read  wear and sys tem o p e r a t i n g  pres- 
s u r e  are shown i n  f i g u r e  27 t o  r e s u l t  i n  i n c r e a s e s  i n  
ref lected i n  ? b  b e c a u s e  t o r q u e - l i m i t e d  da ta  are n o t  i n c l u d e d  i n  t he  l a t t e r .  
S i m i l a r l y ,  on t h e  wet s u r f a c e s ,  
shown i n  f i g u r e  26 t o  be h i g h e r  f%'!$o and 6' t h a n  f o r  0'. T h i s  r e s u l t  i n d i -  
cates t h a t  t h e  i n c r e a s e  i n  - w i t h  yaw a n g l e  d o e s  n o t  c o m p l e t e l y  o f f s e t  t h e  
l o s s  i n  iid,max w i t h  yaw ang ?? e (see f i g .  2 0 ) .  
pd , The gross s t o p p i n g  power 
- 
'd ,g 
- 
which are n o t  'd g 
- 
decreases w i t h  yaw a n g l e  a l t h o u g h  ?ib.is 
The s t o p p i n g  power P d , t  d i s s i p a t e d  by t h e  t i r e  a l o n e  p r o v i d e s  a measure of t h e  i n c r e a s e d  tread wear a s s o c i a t e d  w i t h  t h e  b r a k i n g  e f f o r t ;  t h u s ,  t h e  i d e a l  
a n t i s k i d  b r a k i n g  s y s t e m  would maximize Pd and m i n i n i z e  Pd t .  Values o f  
'd t t h k  e f fec ts  a t t r i b u t e d  t o  tes t  p a r a m e t e r  v a r i a t i o n s  are p r e s e n t e d  i n  f i g u r e  28. 
Data from tes ts  performed under  t r a n s i e n t  runway f r i c t i o n  c o n d i t i o n s  are n o t  
i n c l u d e d  i n  t h e  f i g u r e .  It should  be n o t e d  t h a t  P d , t  is o n l y  a small frac- 
t i o n  of 
are l i s t e d  i n  t a b l e  I f o r  each tes t  b n d i t i o n ,  and bar  gfiaphs d e s c r i b i n g  
p d , p ,  and t h e  t r e n d s  shown i n  f i g u r e  28 are n o t  as  c o n c l u s i v e  as  t h o s e  
For c o r r e s p o n d i n g  c o n d i t i o n s ,  P d , t  is shown t o  be h i g h e r  on 
on t h e  
shown f o r  
t h e  d r y  s u r f a c e s  t h a n  on t 'he w e t  s u r f a c e s .  The s t o p p i n g  power 
d r y  s u r f a c e  g e n e r a l l y  i n c r e a s e s  w i t h  carriage speed and yaw a n g l e ,  is lower  f o r  
t i r e  v e r t i c a l  f o r c e s  greater t h a n  89 kN (20  000 l b f )  t h a n  f o r  t h e  o t h e r  t e s t  
l o a d i n g  c o n d i t i o n s ,  decreases when t h e  new t read  i s  r e p l a c e d  by a worn t r ead ,  
and decreases - s l i g h t l y  w i t h  i n c r e a s i n g  sys t em o p e r a t i n g  p r e s s u r e .  The low va l -  
u e s  Of Pd on t h e  d r y  runway f o r  t i r e  v e r t i c a l  l o a d i n g s  g r e a t e r  t h a n  89 kN 
(20  000 l b j  are a t t r i b u t e d  t o  t o r q u e - l i m i t e d  b r a k i n g .  On t h e  wet runway s u r f a c e ,  
'd ,t i n c r e a s e s  w i t h  carriage speed  and yaw a n g l e ,  i s  h igher  f o r  v e r t i c a l  
f o r c e s  between 71 and 69 kN ( 1 6  000 and 20 000 l b f )  t h a n  f o r  t h e  o t h e r  t e s t  load -  
i n g  c o n d i t i o n s ,  decreases w i t h  sys t em o p e r a t i n g  p r e s s u r e ,  and i s  i n s e n s i t i v e  t o  
v a r i a t i o n s  i n  tread wear. F i g u r e  28 i n d i c a t e s  t h a t  t h e  most s e v e r e  tread wear 
w i l l  occu r  d u r i n g  combined b r a k i n g  and c o r n e r i n g  o p e r a t i o n s  on a d r y  s u r f a c e .  
,g '  
pd , t  
The r a t i o  of t i r e  s t o p p i n g  power t o  g r o s s  s t o p p i n g  power f o r  each tes t  i s  
p l o t t e d  as a f u n c t i o n  of iid max i n  f i g u r e  29. Data are  n o t  i n c l u d e d  i n  t h e  
f i g u r e  f o r  t o r q u e - l i m i t e d  t e8 ts  o r  f o r  t e s t s  per formed unde r  t r a n s i e n t  runway 
f r i c t i o n  c o n d i t i o n s .  The fa i red c u r v e s  r e p r e s e n t  t h e  least-squares f i t  t o  t h e  
data f o r  iid max v a l u e s  g r e a t e r  t h a n  0.15. The da ta  i n d i c a t e  t h a t  a s  yaw 
angle is i n d e a s e d  a greater  p e r c e n t a g e  o f  t h e  g ross  s t o p p i n g  power i s  d i s s i p a t e d  
by the  t i r e ,  t h u s  i n d i c a t i n g  i n c r e a s e d  t i r e  wear. T h i s  was ev idenced  by r u b b e r  
d e p o s i t s  on t h e  runway d u r i n g  yawed tests.  The marked i n c r e a s e  i n  power r a t i o  
when t h e  runway is  q u i t e  s l i p p e r y  i n d i c a t e s  t h a t  most o f  t h e  gross s t o p p i n g  
power is  a s s o c i a t e d  w i t h  t i r e  s k i d d i n g  on t h e  l o w - f r i c t i o n  s u r f a c e .  T h i s  does  
n o t  n e c e s s a r i l y  i n d i c a t e  i n c r e a s e d  t i r e  wear, however,  s i n c e  b o t h  terms o f  t h e  
power r a t i o  have been g r e a t l y  r educed  by h y d r o p l a n i n g  e f f ec t s .  
C o r n e r i n g  Derformance.-  A n t i s k i d  systems a re  n o t  d e s i g n e d  t o  maximize co r -  
n e r i n g  per formance  because  good c o r n e r i n g  i s  n o t  c o m p a t i b l e  w i t h  heavy b r a k i n g ,  
b u t  c o r n e r i n g  is  i m p o r t a n t  f o r  d i r e c t i o n a l  c o n t r o l ,  e s p e c i a l l y  when c r o s s w i n d s  
are p r e s e n t .  
The a n t i s k i d - s y s t e m  c o r n e r i n g  per formance  r a t i o s  n c  f o r  t h e  i n d i v i d u a l  
b r a k i n g  t e s t s  a t  yaw a n g l e s  o f  3' and 6 O  are l i s t e d  i n  t a b l e  I ,  and bar -graph  
data f o r  t h e  a v e r a g e  v a l u e s  f o r  each s e t  o f  t e s t  c o n d i t i o n s  are  p r e s e n t e d  i n  
f i gu re  30. The da ta  i n d i c a t e  t h a t  ?c was h i g h e r  on t h e  d r y  surface t h a n  on 
t h e  wet s u r f a c e s .  I n  a d d i t i o n ,  ijc i s  shown t o  decrease w i t h  i n c r e a s i n g  yaw 
a n g l e .  There was no d i s c e r n i b l e  t r e n d  f o r  speed  v a r i a t i o n s  on t h e  d r y  s u r f a c e ,  
b u t  on t h e  wet s u r f a c e s  t C  decreased w i t h  i n c r e a s i n g  s p e e d .  The effect  o f  
tread wear on iic was n e g l i g i b l e .  
The c o r n e r i n g  power d i s s i p a t e d  by t h e  t i r e  P c , t  n o t  o n l y  i s  i n d i c a t i v e  
of t h e  o v e r a l l  c o r n e r i n g  c a p a b i l i t y  of t h e  t i r e  d u r i n g  t h e  a n t i s k i d  c o n t r o l l e d  
b r a k i n g  b u t  a l s o  p r o v i d e s  a n  i n d i c a t i o n  o f  t h e  i n c r e a s e d  tread wear a s s o c i a t e d  
w i t h  t h e  s t e e r i n g  e f f o r t  (see t a b l e  I ) .  Bar-graph data d e s c r i b i n g  the  effects  
of t es t  p a r a m e t e r  v a r i a t i o n s  on P c , t  are p r e s e n t e d  i n  f i g u r e  31. The f i g u r e  
shows t h a t  
faces, as e x p e c t e d ,  and i n c r e a s e  w i t h  i n c r e a s i n g  yaw a n g l e  and speed  on b o t h  
s u r f a c e s .  The effect  o f  tread wear, o b t a i n e d  o n l y  on  t h e  wet s u r f a c e s ,  a l s o  
a p p e a r s  t o  be n e g l i g i b l e .  Al though t h e  per formance  r a t i o  decreased w i t h  
i n c r e a s i n g  yaw a n g l e  on t h e  w e t  s u r f a c e s ,  t h e  a v e r a g e  c o r n e r i n g  power doubled  
when t h e  yaw a n g l e  was changed from 3 O  t o  6 O  ( f i g .  311, t h u s  i l l u s t r a t i n g  t h e  
- 
Fc ,t v a l u e s  are h i g h e r  on the  d r y  s u r f a c e  t h a n  on t h e  wet s u r -  
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need f o r  a power term i n  a d d i t i o n  t o  per formance  r a t i o  when s t u d y i n g  t h e  char- 
ac t e r i s t i c s  o f  a n t i s k i d  systems.  
CONCLUDIKG REMARKS 
An e x p e r i m e n t a l  i n v e s t i g a t i o n  was conduc ted  t o  s t u d y  t h e  b r a k i n g  and 
c o r n e r i n g  r e s p o n s e  o f  a v e l o c i t y - r a t e - c o n t r o l l e d ,  p re s su re -b ia s -modu la t ed  a i r -  
c r a f t  a n t i s k i d  b r a k i n g  sys t em d u r i n g  maximum b r a k i n g  e f f o r t  on d r y  and wet run- 
way surfaces. The i n v e s t i g a t i o n  was conduc ted  a t  t h e  Langley  a i r c ra f t  banding  
l o a d s  and t r a c t i o n  f a c i l i t y  w i t h  one  main wheel,  b r a k e ,  and t i r e  assembly  from 
a McConnell Douglas DC-9 se r ies  10 a i r c ra f t .  
The r e s u l t s  i n d i c a t e d  t h a t  t h e  c a p a b i l i t y  o f  t h e  b r a k i n g  sys t em t o  d e v e l o p  
t o r q u e  is a f u n c t i o n  o f  b r a k e  t e m p e r a t u r e  as w e l l  as sys t em p r e s s u r e .  There  
were no a p p a r e n t  h y d r a u l i c  l a g s  d u r i n g  a n t i s k i d  c y c l i n g ,  b u t  a n  e l e c t r o n i c  l a g  
of a p p r o x i m a t e l y  40 msec was r e q u i r e d  f o r  t h e  a n t i s k i d  sys t em t o  respond t o  a 
s k i d  c y c l e ;  t h e  r e s i d u a l  s k i d  s i g n a l  b u i l t  up by t h e  a n t i s k i d  s y s t e m  on s l i p -  
pe ry  runways was shown t o  decay  a t  a c o n s t a n t  ra te  f o l l o w i n g  r e c o v e r y  o f  t h e  
wheel from a s k i d  c y c l e .  Locked wheel  s k i d s  were obse rved  when t h e  t i r e  encoun- 
tered a runway s u r f a c e  t r a n s i t i o n  from d r y  t o  f l o o d e d ,  due  i n  p a r t  t o  t h e  
r e s p o n s e  time r e q u i r e d  f o r  t h e  sys t em t o  s e n s e  a b r u p t  changes  i n  runway f r i c -  
t i o n ;  however,  t h e  a n t i s k i d  sys tem q u i c k l y  r e s p o n d e d ,  r e d u c i n g  b rake  p r e s s u r e ,  
and c y c l i n g  no rma l ly  d u r i n g  t h e  r ema inde r  o f  t h e  r u n  on t h e  f l o o d e d  s u r f a c e .  
A r e l a t i v e l y  s low b r a k e  p r e s s u r e  r e c o v e r y  was obse rved  f o l l o w i n g  t r a n s i t i o n  
from a f looded- to -d ry  runway s u r f a c e ,  which  was shown t o  be a f u n c t i o n  o f  t h e  
decay  ra te  o f  t h e  r e s i d u a l  s k i d  s i g n a l  b u i l t  up by t h e  a n t i s k i d  sys tem on t h e  
f l o o d e d  runway. 
The maximum d r a g - f o r c e  and s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t s  a v a i l a b l e  t o  
t he  b r a k i n g  sys tem were shown t o  d e c r e a s e  w i t h  i n c r e a s e d  s u r f a c e  wetness, par- 
t i c u l a r l y  a t  h igh  carriage s p e e d s .  T h i s  t r e n d  was more pronounced f o r  t h e  worn- 
tread t i r e  t h a n  f o r  t h e  new-tread t i r e .  The e f f ec t  o f  yaw a n g l e  was t o  r e d u c e  
t h e  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  a v a i l a b l e  on t h e  d r y  and damp runway s u r -  
faces. The s i d e - f o r c e  f r i c t i o n  c o e f f i c i e n t  was reduced  by as  much as 75 p e r c e n t  
on t h e  d ry  runway and t o  n e g l i g i b l e  v a l u e s  on t h e  f l o o d e d  runway d u r i n g  p o r t i o n s  
o f  t h e  a n t i s k i d  b r a k i n g  c y c l e .  The r e s u l t s  a l s o  i n d i c a t e d  t h a t  a n t i s k i d  per -  
formance based  upon an a v e r a g e  o f  t h e  maximum d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t s  
o b t a i n e d  from a number o f  a n t i s k i d  c y c l e s  s h o u l d  b e  b e t t e r  d e f i n e d  t h a n  pe r -  
formance based upon t h e  maximum f r i c t i o n  c o e f f i c i e n t  deve loped  d u r i n g  a s i n g l e  
b r a k e  c y c l e .  
The a v e r a g e  r a t i o  o f  d r a g - f o r c e  f r i c t i o n  c o e f f i c i e n t  deve loped  by t h e  a n t i -  
s k i d  sys tem t o  t h e  maximum f r i c t i o n  c o e f f i c i e n t  a v a i l a b l e  a t  t h e  t i r e / r u n w a y  
i n t e r f a c e  d u r i n g  maximum b r a k i n g  was shown ( 1 )  t o  be h i g h e r  on t h e  d r y  s u r f a c e  
t h a n  on t h e  wet s u r f a c e s ,  ( 2 )  n o t  t o  be a d v e r s e l y  a f fec ted  by yaw a n g l e s  up t o  
6 O ,  and ( 3 )  t o  be reduced  w i t h  l i g h t e r  v e r t i c a l  l o a d s  (wing  l i f t )  and worn 
t i r e s .  The a v e r a g e  of t h e  g r o s s  s t o p p i n g  power v a l u e s  g e n e r a t e d  by t h e  b rake  
sys tem on t h e  d r y  s u r f a c e  was more t h a n  twice t h a t  o b t a i n e d  on t h e  wet s u r -  
faces. The s t o p p i n g  pcjwer d i s s i p a t e d  by t h e  t i r e ,  which i s  i n d i c a t i v e  o f  t h e  
amount o f  t i r e  wear, was t h e  g r e a t e s t  d u r i n g  combined b r a k i n g  and c o r n e r i n g  on 
d r y  runway s u r f a c e s .  
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With maximum a p p l i e d  b r a k i n g ,  t h e  a v e r a g e  r a t i o  o f  t h e  s i d e - f o r c e  f r i c t i o n  
c o e f f i c i e n t  deve loped  by t h e  t i r e  under  a n t i s k i d  c o n t r o l  t o  t h e  maximum s i d e -  
f o r c e  f r i c t i o n  c o e f f i c i e n t  a v a i l a b l e  a t  t h e  t i r e / r u n w a y  i n t e r f a c e  o f  a free- 
r o l l i n g  t i r e  was shown ( 1 )  t o  decrease w i t h  i n c r e a s i n g  yaw a n g l e ,  ( 2 )  t o  decrease 
w i t h  i n c r e a s i n g  v e l o c i t y  on wet s u r f a c e s ,  and (3) t o  decrease w i t h  i n c r e a s i n g  
yaw a n g l e  on wet s u r f a c e s .  Al though t h i s  r a t i o  decreased w i t h  i n c r e a s i n g  
yaw a n g l e  on w e t  s u r f a c e s ,  t h e  a v e r a g e  c o r n e r i n g  power doubled  when yaw a n g l e  
was changed from 3' t o  6'. 
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.38 
.38 
.33  
.41 
.38 
.37 
.37 
.26 
.40 
.06 
.33 
- 3 1  
.35 
.19 
.32 
.31 
.16 
30/ .45 
--/. 19 
5 8 / .  05 
.60 
.34 
.28 
.24 
.30 
.18 
_ -  
I .  027 
.04E 
.027 
.04 1 
.075 
,041 
.014 
.07C 
.027 
. O4e 
.027 
.027 
.041 
.034 
.034 
.062 
.055 
.027 
.06; 
.027 
.027 
.027 
.041 
.041 
.041 
.041 
.034 
.048 
.0b1 
.068 
.. 
22 
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SKID-BRAKING TEST RESULTS 
Braking 
)erformancc 
, a t i o ,  o b  
0.75 
.74 
.78 
.93 
.78 
.51 
.50 
.38 
.58 
.63 
-56 
.83 
.61 
.70 
.76 
.82 
.76 
.63 
.80 
.68 
.47 
.84 
.70 
.71 
.74 
.73 
.64 
- 
us  
3.03 - 03 
-01 
-03 
1 
* 03 
- 23 
.28 
.27 
-16 
.17 
.15 
.14 
07 
I s ,mar 
0.32 
.32 
- 29 
.25 
.26 
.22 
.15 
.10 
Corne r ing  
3erformancc 
- a t i o ,  oc  
0.72 
.84 
.93  
.64 
.65 
.68 
.93  
.70 
3rake- tempera ture  
r ise 
~ _ _ _  
OC 
27 3 
242 
25 0 
22 1 
112 
189 
292 
27 2 
183 
69 
263 
296 
239 
121 
92 
94 
OF 
49 1 
435 
450 
398 
201 
340 
526 
489 
330 
156 
474 
533 
431 
217 
165 
169 
Average 
s l i p  
r a t i o  
0.11 - 13 
.13 
.15  
.09 
.07 
.10 
.25 
. l l  
. 12  
.09 
.13 
.07 
.07 
.09 
.07 
.10 
.07 
.08 
.07 
.09  
.10 
.13 
.17 
.10 
.10 
- 15 
.09 
.09 
.12 
.16 
Gross 
s topp ing  
power 
kW 
708 
I 228 
677 
924 
I959 
312 
620 
770 
808 
420 
770 
910 
585 
682 
818 
597 
705 
976 
552 
562 
' 0 1 3  
808 
722 
450 
824 
490 
667 
775 
433 
422 
hP 
949 
908 
1513 
1239 
2627 
419 
832 
1033 
1082 
563 
1033 
1220 
785 
915 
1097 
.800 
945 
1309 
740 
754 
1359 
1083 
968 
1944 
2446 
657 
895 
1039 
580 
566 
Tire 
; topp in& 
power 
:W 
78 
89 
42 
84 
36 
32 
7 3  
93 
75  
38 
54 
60 
5.1 
46 
81 
43 
54 
63 
48 
55 
33 
18 
79 
27 
85 
87 
96 
64 
75 
hP 
105 
120 
191 
113 
183 
43 
98 
~ 
125 
101 
51 
73  
80 
68 
62 
109 
58 
73  
85 
64 
74 
179 
158 
?40 
305 
114 
116 
129 
86 
101 
Tire 
2orner in l  
power - 
kW 
13 
31 
43 
13 
23 
26 
1 1  
8 
17 
41 
57 
17 
31 
35 
15 
1 1  
23 
I -  
TABLE I.- 
t 
- 
R ur 
- 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
30 
51 
52 
53 
54 
55 
56 
57 
58 
- 
200( 
t 
___-- 
Brake  
s u p p l y  
x-essurc 
t 
- 
4 P i  
14 
-~ 
i 
'1 
- 
p s i  
Surf ace 
c o n d i t i o  
__ -. 
Flooded 
Dry 
Dry 
Dry 
Damp 
Damp 
Damp 
Flooded 
Flooded 
Flooded 
Dry 
Dry 
Damp 
Damp 
Damp 
Flooded 
Flooded 
Flooded 
Damp 
Damp 
Damp 
Flooded 
Flooded 
Flooded 
'looded/Di 
'looded/DI 
)r y/ Flood6 
)ry/Flooda 
Dry 
Flooded 
D r  Y 
Dry 
Dry 
Flooded 
Vert i ca 1 
l o a d  
kN 
14.3 
13.t 
Il.4 
13.2 
12.3 
I1 . e  
' 6 . 5  
10.5 
io. 1 
'0.1 
'0 .1  
6 . 5  
0 .1  
0 . 1  
2 . 3  
1 .o  
8 . 7  
1 . 4  
0 .1  
9 . 6  
2 . 7  
0 .1  
8 . 7  
1 . 4  
8 . 3  
0 .1  
3 . 3  
3 . 6  
? . 6  
3 . 3  
3.3 
3 . 6  
9.6 
9.6 
. -. 
I b f  
16 70( 
18 80( 
19 30( 
18 70( 
18 50( 
18  40( 
17 20C 
18 10( 
18 OO( 
18 OO( 
18 ooc 
?1 70C 
18 OOC 
18 OOC 
I8 50C 
18 20C 
17 70C 
18 30C 
18 000 
17 90C 
I8 600 
18 000 
7 700 
8 300 
7 600 
8 000 
7 600 
7 900 
7 900 
7 600 
4 000 
7 900 
2 400 
7 900 
Nomina: 
speed  
k n o t s  
102 
46 
74 
100 
50 
75  
100 
52 
75 
101 
50 
100 
50 
76 
102 
48 
75 
99 
52 
77 
102 
47 
76 
100 
50 
101 
49 
103 
75 
80 
49 
.4 8 
100 
76 
Brake 
t o r q u e  
limitec 
0.05 
.48 
.44 
.38 
.27 
.20 
.14 
.17 
. l l  
.Ob 
.55 
. 4 l  
.26 
. I 4  
.IO 
.16 
.07 
.Ob 
- 23 
. I 7  
.14 
.13 
.08 
.04 
.40 
.18 
61/ .24 
. l l  
.50 
.14 
.55 
.53 
.45 
.Ob 
~ 
- 
ud ,max 
0.05 
.57 
.46 
.43  
.34 
.26 
.20 
.22  
.13 
.07 
.36 
.21 
.16 
.20  
.10 
.08 
.32 
.24 
.21 
.16 
.10 
.05  
. 3 8 / .  62 
,08/--- 
.--/ .39 
.--/. 05 
.55 
.16 
.70 
.66 
.08 
3.05 
.06 
.06 
.05 
.04 
.041 
..04 
.Ob# 
.ob; 
.041 
.02' 
.02 
.02' 
.031 
.02 '  
.05 !  
.06t 
.Ob 
.06f 
.04f 
.05E 
.05E 
.055 
.031 
.021 
.021 
.027 
* 027 
.06a 
.055 
.021 
.027 
.021 
.04a  
24 
Cone 1 ude d 
Braking 
performance 
r a t i o ,  r i b  
0.82 
.95 
.86 
.75 
.73 
.61 
.72 
.71 
.55 
.70 
.60 
.57 
* 72 
.64 
.64 
.55 
.71 
.90 
.81 
.78 
.79 
.38 
. .  
.02 
.02 
0 
0 
* 30 
.08 
0 
0 
0 
0 
1 
s ,mar 
0 
.43 
.43  
.40  
.38 
.36 
.36 
.12 
.07 
0 
.47 
.36 
* 29 
.08 
0 
0 
.47 
.16 
Corne r ing  
3erformancc 
- a t i o ,  r i c  
0 
.72 
.58 
.63 
.64 
.53 
.67 
.43 
0 
.55 
.61 
- 6 6  
.88 
0 
0 
.64 
.50 
3rake- tempera ture  
r ise  
OC 
25 3 
178 
104 
60 
48 
165 
398 
393 
30 1 
29 4 
396 
38 1 
OF 
456 
32 1 
297 
188 
108 
86 
716 
527 
542 
529 
712 
685 
iverage 
s l i p  
r a t i o  
0.71 
.12  
.15 
.14 
.17 
. I 2  
.09 
.22  
.18 
.84 
. I 1  
.03 
.04 
.06 
.07 
.08 
.19 
.74 
.08 
.09 
.08 
- 1 3  
.26 
.79 
.10 
.20 
.09 
.42 
.14 
.16 
. l l  
.02 
Gross  
s t o p p i n g  
power 
kW 
190 
886 
1421 
1576 
601 
627 
553 
392 
342 
239 
1967 
441 
32 1 
497 
540 
600 
293 
262 
198 
784 
78 1 
518 
1508 
466 
869 
975 
?154 
20 1 
hP 
255 
1188 
1905 
?113 
806 
84 1 
74 1 
526 
458 
320 
!638 
59 1 
430 
667 
724 
804 
39 3 
35 1 
266 
1052 
1047 
694 
!022 
625 
165 
I308 
1889 
269 
power power 
<W 
133 
160 
!56 
313 
147 
137 
117 
98  
71 
20 1 
67 
33 
25 
95 
110 
I24 
55 
72 
154 
80 
156 
!15 
!88 
97 
95 
23 
48 
31 
- 
I 
343 
420 
197 
269 
90 
44 
33 
127 
147 
166 
74 
96 
206 
107 
209 
288 
386 
130 
128 
31 
64 
42 
0 
45 
57 
70 
10 
3 
1 
25 
17 
1 
57 
93 
51 
77 
83 
15 
7 
0 
61 
76 
94 
14 
4 
2 
34 
23 
25 
F i g u r e  1.-  New and worn t read c o n d i t i o n  o f  s ix -g roove ,  40 x 1 4 ,  t y p e  V I 1  a i rc raf t  tes t  t i res .  
I 
I 
L-75-3'127.1 
Figure 3.- Test tire and instrumented dynamometer. 
Figure 4 . -  Layout of  simulated braking system on t e s t  carr iage.  
w 
0 
.. , .  , 
uul\ \ \  11. High-pressure hyilraul i c  1 ine 
Lowpressure hydraulic 1 ine 
Electrical  connection 
Valve closiire i s  
i s  a function o f  number 
and depth o f  skids 
I; - - 
I 11 
0.3 PPa (50 psi)-,[\ 1): , 
b ack- p res s u re 
check valve fi---ii w 
Pntisk i d  
electronic ac voltage 
cnonri altnrnatnr 
Figure 5.- Schematic of  skid control system. 
c 
I 
20 Free roll ing - 
blheel 
speed, 
rPs 
--I A 10 - 
Tire spinup 
0 s  I I I 
I 1 
10 - 
I 
5 -  S k i d  s ignal ,  
volts 
0 I I 
- 3 x 1 0 ~  
- 2 Brake 
pressure , 
psi 
Brake 15 - 
pressure, 
!!Pa 10 
5 -  
- 
1.0 - 
'd 
2 4 6 8 10 
Time, sec 
Figure 6.- T pica1 time histories of parameters useful in describing operation of antiskid system, 
yaw; 120 kM (27 000 lbf) vertical load; 14 MPa (2000 psi) brake supply pressure; new 8 Run 22; 0 
tread condition; 72 knots nominal carriage speed; natural-rain condition. 
W 
A 
W 
N 
ac wheel speed alternator r 
Drag-1 oad 
Cogged t i m i n g  be l t  # Verti cal-1 o 
Draa-load beam 7 - 
Vertical -load beam 
Acce 1 e rme t e  rs  
#ad beam 
S i  de-1 oad beam 
t i r e ,  and hrake 
C Brake torque links 
F i g u r e  7 . -  Ske tch  of dynamometer d e t a i l s .  
F i g u r e  8.-  Photograph o f  t r a i l i n g  wheel used t o  o b t a i n  carriage speed .  
w 
W 
L-74-330.1 
F i g u r e  9.-  Pho toqraph  o f  i n n e r  b r a k e  s t a t o r  w i t h  the rmocoup les  mounted 
between b r a k e  pads  f o r  measu r ing  b rake  t e m p e r a t u r e .  
34 
- 
. IO - Brake pressure, M Pa 
I 
30 
2 Brake pressure, 
psi  
- I  
Brake torque, 15 
kN-m 
0 
0 
120 
80 
40 
0 
Carriage speed, 
knots 
- 0  
20 
Wheel speed, ,o 
0 
rps 
2 lo4 
Brake 
I ft-lbf F I .__. I 
Skid signal, 
volts 
I I /  I 0 '  ' I I I I I 
Vertical force, 
k N  
0 '  
4 1 2 x 1 0  100 r 
I Ibf 
Side force, 
kN 
1 2 3 4 5 6 7 8 9  
Time, sec 
( a )  Measured p a r a m e t e r s .  
F i g u r e  10.- T y p i c a l  time h i s t o r i e s  o f  bas ic  t e s t  v a r i a b l e s .  Run 63;  6' yaw; 
79.6 kN (17 900 l b f )  v e r t i c a l  l o a d ;  21 MPa ( 3  000 p s i )  b r a k e  s u p p l y  pres- 
s u r e ;  new t read  c o n d i t i o n ;  75 k n o t s  nominal  carriage speed ;  d r y  s u r f a c e .  
35 
'd 
.5  
0 
- 
torque, 
in-lbf 
A1 ininn torque, 
kN-m 
-4 -4 - - 
' " O n  50 
S l ip  speed, 
knots 
S l ip  r a t i o  
I I I 
0 1 2 3 4 5 6 7 a 9 
Time, sec 
( b )  Computed parameters. 
F i g u r e  10.- Concluded.  
36 
Ifheel 
speed, 
rPs 
1-1d 
1-15 
Brake 
1 0 -  
- I  210m (700 ft) 
I- 
I 
L 
V v 
I 1 1 I 1 
1 .o I 
.5 
0 
I 
! 
I 'h - 
pressure, 10 - 
VPa 
I 
0 2 4 6 8 10 
I 
cp 
1 
1 3  x 103 
2 Brake 
1 p s i  
press ure , 
1 0  
12 
Time, sec 
F i g u r e  11.-  T y p i c a l  f r i c t i o n  r e s p o n s e  o f  a n t i s k i d  b r a k i n g  s y s t e m .  Run 27;  
3' yaw; 61 .8  kN ( 13 900 l b f  1 v e r t i c a l  l o a d ;  14 MPa (2000 p s i )  b r a k e  
s u p p l y  p r e s s u r e ;  new t r e a d  c o n d i t i o n ;  46 k n o t s  nominal  carriage s p e e d ;  
d r y  s u r f a c e .  
37 
W 
cx) 
40 
Carriage 
speed, 
m/sec 
Fx, l b f  
I 
- 
Fy k!l 
S1 ip 
ra t io  
50r 
8o r I 1 20x103 
8o r 1 20x103 
I I I I 
.5  n 
0 1 2 3 4 5 6 7 8 9 
Time, sec 
F i p u r e  12.- T y p i c a l  time h i s t o r i e s  of v a r i a b l e s  used  t o  o b t a i n  power terms. Run 63; 6' yaw; 
79.6 kN ( 1 7  900 l b f )  v e r t i c a l  l o a d ;  21 MPa (3000 p s i )  b r a k e  s u p p l y  p r e s s u r e ;  new tread 
c o n d i t i o n ;  75 k n o t s  nominal  carriage s p e e d ;  d r y  s u r f a c e .  
15 
I Brake 
pressure, 
-1 2x103 10 - Brake pressure, 
MP a - 1 p s i  
5 -  
I I I 1 0 '  0 
150- 
Brake 
200 
300 Brake 
temperature , 
I/ = 5 m i n  af ter  tes t  J 1, 400 
OC 
50 
100 
- 
0 I I I I I I 0 
20 r 
Brake - 
torque, 10-  
kN - m 
I I I I 
Brake 
1 torque, 
f t - lbf  
w 
u3 
Jz 
0 
I 
i 
! 
Antiskid valve 
~ Brake housing 
Brake 
pressure, 
MP a 
7 8 6 
Time, sec 
F i g u r e  14.-  T y p i c a l  b r a k e - s y s t e m  h y d r a u l i c  r e s p o n s e .  Run 22;  0' yaw; 114 .3  kN (25 700 lbf) 
v e r t i c a l  l o a d ;  14 MPa (2000 p s i )  b r a k e  s u p p l y  p r e s s u r e ;  new t r e a d  c o n d i t i o n ;  76 kno t s  
nominal  carriage s p e e d  ; f l o o d e d  s u r f a c e .  
Wheel -speed 
I I I I 
20 
Wheel-speed 
converted 
signal, 
rPs  
I I I I 1 I I 
10 lr
0 1 2 3 4 5 6 7 8 
Time, sec 
F i g u r e  15.- T y p i c a l  b r a k e - s y s t e m  e l e c t r o n i c  r e s p o n s e .  Run 22; 0' yaw; 114.3 kN (25 700 Lbf )  
v e r t i c a l  l o a d ;  I 4  Mpa (2000 p s i )  b r a k e  s u p p l y  p r e s s u r e ;  new t r e a d ;  76 k n o t s  n o m i n a l  car- 
riage s p e e d ;  f l o o d e d  s u r f a c e .  
2o r J= N Idheel 
s i g n a l ,  5 
Skid 
v o l t s  
pressure, 10 
Brake 
MP a 
0 2 4 6 a 10 1 2  
Time, sec 
( a >  Dry- to- f looded  t r a n s i t i o n ;  49 k n o t s  nominal  carriage s p e e d ;  r u n  61 .  
F i g u r e  16 .- T y p i c a l  a n t i s k i d  s y s t e m  r e s p o n s e  t o  t r a n s i e n t  runway c o n d i t i o n s .  0' yaw; 
7 9 . 2  kN (17 800 l b f )  n o m i n a l  v e r t i c a l  l o a d ;  21 MPa (3000 p s i )  b r a k e  s y p p l y  p r e s s u r e ;  
new t read  c o n d i t i o n .  
Uheel 
speed, 
rPs 
Skid 
signal , 
v o l t s  
Brake - 
- pressure, 10 - MP a 
1 I /  
F1 ooded 20 
2 Brake 
1 psi 
pressure, 
10 L 
5 c 
0  
0 1 2 3 4 5 
Time, sec 
( b )  D r y - t o - f l o o d e d  t r a n s i t i o n :  103 k n o t s  n o m i n a l  carr iage s p e e d ;  run 62. 
F i g u r e  16.-  C o n t i n u e d .  
J= 
W 
E 
E 
Wheel 
speed, 
rP S 
Sk id  
s i g n a l ,  
volts 
V I 
I 
1 I I I 
Brake 
pressure , 
MP a 
- 3 x 1 ~ 1 ~  
- * Brake 
- 1 p s i  
0 
pressure,  
I 
0 2 4 6 8 10 12 
Time, sec 
( c )  Flooded- to-dry  t r a n s i t i o n ;  50 k n o t s  nominal  carriage s p e e d ;  r u n  59. 
F i g u r e  16.-  C o n t i n u e d .  
Wheel 
speed, 
rPs 
.5 
S k i d  
s i g n a l ,  
volts 
- 
A 
3 1 3x10 
Brake 
'd 
i ! 
0 1 2 3 4 5 6 
Time, sec 
I 
( d )  Flooded-to-dry t r a n s i t i o n ;  101 kno t s  nominal c a r r i a g e  s p e e d ;  run  60. 
F i g u r e  16 .- Concluded. 
.8 
.4 Ird,max 
0 
I I I I I J 
- 
- 
- 
- Dry -
I I I I I I 
Nominal carriage 
speed, knots 
.a 0 50 
0 75 
1 0 100 
Ccd'max ' 4  1 Natural rain 
0 '  I I I I I 
0 40 80 120 
Carriage speed, knots 
F i g u r e  17.- E f f e c t  o f  c y c l i c  b r a k i n g  on pd ,max. ( I n d i v i d u a l  b rake  
c y c l e s  are numbered s e q u e n t i a l l y  f o r  each  t e s t  c o n d i t i o n . )  
46 
r Dry 
," .8 
E, 
U 
3 
.4 
3 
a, 
L i n e  o f  p e r f e c t  
,' /4 - agreement 
7 
Leas t -squares f i t  
o f  t h e  d a t a  
cn 
S 
-r 
lfl .2  
1.0 
X 
a .8 
E, 
U 
1 
F .6  
3 
7 .4  
V 
cn 
S 
v) 
-r 
.2  
0 
F1 ooded 
0 
- 
A n t i s k i d  pd,max 
// 
,/ Combined da ta  
I I J 
.2 .4 .6 .8  1.0 
A n t i s k i d  
F i g u r e  18.- A c o m p a r i s o n  b e t w e e n  v a l u e s  of  t h e  maximum a v a i l a b l e  f r i c t i o n  
c o e f f i c i e n t  f o r  s i n g l e - c y c l e  b r a k i n g  a n d  a n t i s k i d  b r a k i n q .  
47 
- 
'd , max 
.6 
. 4  
.2 
0 
Surface condition 
o Dry 
0 Damp 
0 Flooded 
A Natural ra in  
- 
- 
- 
0 -\& ,\ 1 
Carri age speed, knots 
0' yaw; new t read  c o n d i t i o n .  
F igu re  19.- Average maximum f r i c t i o n  c o e f f i c i e n t s  a v a i l a b l e  f o r  t h e  v a r i o u s  surface c o n d i t i o n s .  
Yaw a n g l e ,  deg  
.8 
- .6 
'd ,max 
.4- 
.2 
0'- 
.- 
- 
- Dry 
I I _  I I I I 
0 ( f rom f i g .  19) 
0 3  
0 6  
0 0 
ud,max . I t  
U 
I I 0 '  I I I I 
1 
0 20 40 60 80 100 120 
C a r r i a g e  s p e e d ,  k n o t s  ' 
F i g u r e  20.- Average maximum f r i c t i o n  c o e f f i c i e n t s  a v a i l a b l e  f o r  
v a r i o u s  yaw a n g l e s .  New tread c o n d i t i o n .  
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Figure 21.- Ef fec t  of t read  wear on average maximum ava i l ab le  f r i c t i o n  
c o e f f i c i e n t .  o0 yaw. 
50 
-e- 3 O  yaw 
---El-- 6” yaw 
.4  . 5  II 
I 
. 3  
* ’  D Loa: I 
0 0 
0 
! - ._A- I I .  I 
. 4  1 
I. 
- \  
. - .. A - -1 -1 .1 Flooded 0 .  - - A _ .  1
20 40 60 80 100 120 
I-’symax :I 0 
Carr iage  speed kno t s  
F igu re  22.- Maxirllum unbraked s i d e - f o r c e  c o e f f i c i e n t  f o r  3” and 6 O  yaw. 
New t r e a d  c o n d i t i o n .  
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Figure 23 . -  Effec t  of t read  wear on maximum s i d e  f r i c t i o n  c o e f f i c i e n t  f o r  6 O  yaw. 
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F i g u r e  24.- F r i c t i o n  c o e f f i c i e n t s  d u r i n g  c y c l i c  b r a k i n g .  6' yaw; 78.3 kN (17  800 l b f )  nominal 
v e r t i c a l  l o a d ;  21 MPa (3000 p s i )  b r a k e  s u p p l y  p r e s s u r e ;  new t r e a d  c o n d i t i o n .  
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F igure  25.- A n t i s k i d  b r a k i n g  performance r a t i o s  f o r  v a r i o u s  s u r f a c e  c o n d i t i o n s .  
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F i g u r e  26.-  E f fec t  o f  t e s t  p a r a m e t e r  v a r i a t i o n s  o n  a n t i s k i d  
b r a k i n g  p e r f o r m a n c e  r a t i o .  
( p s i ) .  
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F i g u r e  27.- Effect o f  t e s t  p a r a m e t e r  v a r i a t i o n s  
T r e a d  wear. 
System p r e s s u r e ,  MPa ( p s i ) .  
on g r o s s  s t o p p i n g  power.  
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F i g u r e  28.- Effect of t es t  pa rame te r  v a r i a t i o n s  on t i r e  s t o p p i n g  power. 
57 
c) Dry 
.J Flooded 
1 .o 
.8 
.,>' " 
. 6 I- 
A Natural r a i n  
Yaw a n g l e ,  
deg 
\- 0 
. 3  .4 . 5  .6 . 7  .8 0 .1 .2 
- 
'd,max 
F i e u r e  29.-  R a t i o  o f  t i r e  s t o p p i n g  power t o  g r o s s  s t o p p i n g  power f o r  v a r i o u s  surface 
c o n d i t i o n s  and yaw a n p l e s .  
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Figure 30.- Effec t  of tes t  pararneter v a r i a t i o n s  on 
cornering performance r a t i o .  
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1’II’IE-HISTCRY PLOTS 
T i n e - h i s t o r y  p l o t s  of  e i e h t  p a r a m e t e r s  descr ibif ig  t h e  b e h a v i o r  o f  t h e  a n t i -  
s k i d  s y s t e m  d u r i n e  each t e s t  c o n d i t i o n  a r e  p r e s e n t e d  i n  t h i s  a p p e n d i x .  The 
e i g h t  p a r a m e t e r s  a r e  wheel  s p e e d ,  s k i d  s i g n a l ,  b r a k e  p r e s s w e ,  bra .ke  t o r q u e ,  
drap-force f r i c t i o n  c o e f f i c i e n t ,  s ide-force f r i c t i o n ,  a l i n i n r z  t o r q u e ,  a n d  s l i p  
r a t i o .  The time h i s t o r i e s  a r e  g i v e n  f o r  t h e  c o n v e n . i e n c e  o f  t h e  user i n  D l o t -  
t i n q  t h e  d a t a  and  a r e  p r e s e n t e d  i n  f i e u r e s  A I  t o  a68. 
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10 
Wheel 
speed, 
rPs 
Skid 
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B rake 
pressure, 
MPa 
B rake 
torque, 
kN -m 
p d  
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Al in ing  
torque, 
kN -m 
Slip 
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- 
.. I 
2 o  r 
- 
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. .  
Brake 
torque, 
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2 0  r 
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-5  
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A l i n ing  
torque, 
in-lbf - 
1. O r  
. 5  
1 . 0 -  
. 5 -  
1 
L I 
P 
0 2 4 6 a 10 12 
Time, sec 
F i g w e  A I . -  Time h i s t o r i e s  f o r  r u n  1 ;  n o m i n a l  c a r r i a g e  s p e e d ,  46 k n o t s ;  
v e r t i c a l  l o a d ,  5 4 . 7  kN ( 1 2  700 l b f ) ;  yaw a n e l e ,  0'; s u r f a - c e  c o n d i t i o n ,  
d r y ;  t i re  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
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0 torque, 
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Time, sec 
v e r t i c a l  l o a d ,  59.6 kN ( 1 3  400 l b f ) ;  yaw a n e l e ,  0'; s u r f a c e  c o n d i t i o n ,  
F i g u r e  A2.- T i m e  h i s t o r i e s  f o r  r u n  2 ;  n o a i n a l  c a r r i w e  s p e e d ,  44 k n o t s ;  
d r y ;  t i re  c o n d i t i o n ,  new; b r a k e  p re s su re ,  14  NPa (2000 l b f / i g .  2 ) .  
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Skid n 
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0 '  I 
torque, 
ft-lbf 
Brake 
torque, 
kN -m 
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0 torque, 
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A l i n ing  
torque, 
kN-m 
-5 
1. Or 
Slip 
ratio 
0 2 4 6 8 
Time, sec 
F i Q u r e  A 3 . -  lime h i s t o r i e s  f o r  r u n  3;  r?or?inal c a r r i ace  speed ,  73 k n o t s ;  
v e r t i c a l  load ,  60.5 kN ( 1 3  600 l b f ) ;  yaw a n q l e ,  0'; Surface c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; b rake  pressure, 14 !+Pa (2000 l b f / i n * ) .  
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1 0  
Wheel 
speed, 
rPs 
Skid . 
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6 rake 
pressure, 
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B rake 
torque, 
kN -m 
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A Ii n i n g  
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kN -m 
Slip 
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Brake 
pressure, 
1 psi 
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0 '  
l :  'f 
0 
'.r 
- 5  O L  
'.Or 
A A 
l i m e ,  sec 
FiFture A 4 . -  T i m e  h i s t o r i e s  f o r  r u n  4 ;  nomine1 c a r r i a g e  s p e e d ,  98 k n o t s ;  
v e r t i c a l  l o a d ,  60.9 kEJ ( 1.1 700 l b f ) ;  yaw a n n l e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r v ;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
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F i g u r e  A5.- T ime  h i s t o r i e s  f o r  run 5; nominal c a r r i a z e  s p e e d ,  46 k n o t s ;  
v e r t i c a l  l o a d ,  7 2 . 5  kN ( 1 6  300 l b f )  ; yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; b rake  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
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F i g u r e  A 6 . -  Time h i s t o r i e s  f o r  r u n  6 ;  n o m i n a l  c a r r i e c e  s p e e d ,  102 k n o t s ;  
v e r t i c a l  l o a d ,  85.0 kN ( 1 9  100 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
dry; t i r e  c o n d i t i o n ,  new; h r a k e  Dresswe, 1 4  EPa (2000 l b f / i n 2 ) .  
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F i s u r e  A7.- T i m e  h i s t o r i e s  f o r  r u n  7 ;  n o m i n a l  c a r r i a g e  s p e e d ,  52 k n o t s ;  
v e r t i c a l  l o a d ,  56.9 kN ( 1 2  800 l b f ) ;  yaw a n g l e ,  0’; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14  ??Pa (2000  l b f / i n ’ ) .  
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Fiwurs A8.- Tine h i s t o r i e s  f o r  run  8;  nominal c a r r i a g e  s p e e d ,  99 k n o t s ;  
v e r t i c a l  l o a d ,  6 1 . 4  kM ( 1 3  800 l b f )  ; yaw a n g l e ,  0'; sur face  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b rake  p r e s s u r e ,  14 MPa (2.000 l b f / i n 2 ) .  
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Fieure A 9 . -  T i m e  h i s t o r i e s  f o r  run 9 :  nominal c a r r i a g e  s p e e d ,  100 k n o t s ;  
v e r t i c a l  l o a d ,  56.9 kN ( 1 2  800 l b f ) ;  yaw a n q l e ,  0'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
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F i g u r e  A10. -  Time h i s t o r i e s  f o r  r u n  I O ;  n o m i n a l  c a r r i a g e  speec i ,  50 k n o t s ;  
v e r t i c a l  l o a d ,  77 .0  kM ( 1 7  300 l b f ) ;  yaw a n , ? l e ,  0'; s u r f a c e  c o n d i t i o n ,  
damp;  t i r e  c o n d i t i o n ,  new;  b r a k e  p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
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F i g u r e  A l l . -  T i m e  h i s t o r i e s  f o r  r u n  1 1 :  n o r i n a l  c a r r i zpe  s p e e d ,  711 k n o t s ;  
v e r t i c a l  l o a d ,  75.6 kN ( I 7  000 l b f ) ;  vaw a n d e ,  0'; su r face  c o n d i t i o n ,  
dame; t i r e  c o n e i t i n n ,  new: b r a k e  p r e s p u r e ,  1 4  P T ?  (700Q 1 b f / i n 2 ) .  
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F i s u r e  A12.- T ime  h i s t o r i e s  f o r  r u n  12; nominal  carr iage s p e e d ,  98 k n o t s ;  
v e r t i c a l  l o a d ,  79 .6  kN (17  900 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  1 4  MPa ( 2 0 0 0  l b f / i n 2 ) .  
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F i g u r e  A I ? . -  T ime  h i s t o r i e s  f o r  run 11; nominal c a r r i a s e  s p e e d ,  32 k n o t s ;  
v e r t i c a l  l o a d ,  9 9 . 2  kN ( 2 2  300 l b f ) ;  yaw a n g l e ,  0'; surfa.ce c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b rake  p r e s s u r e ,  14 MPa (2000 1 b f / i n 2 ) .  
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0 
Time, sec 
I 
F i g u r e  A 1 4 . -  T i m e  h i s t o r i e s  f o r  run 1 4 ;  n o n i n a l  c a r r i a ; r e  s p e e d ,  95 k n o t s ;  
v e r t i c a l  l o a d ,  93 .9  kN ( 2 1  100 lbf); yaw a n s l e ,  0"; surface c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  1 4  KFa (2000 l b f / i n 2 ) .  
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- 
- 10 - 
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
Brake 
pressure, 
MPa 
B rake 
torque, 
kN -m 
p d  
Al'ining 
torque, 
kN-m 
Sl ip 
rat io 
2 Brake 
1 psi 
pressure, 
*Or 
10 4 
0 '  
lor 
0 55 
3 1 3 x 1 0  
3 x 1 0 4  
2 Brake 
torque, 
ft-lbf 
0 
Or 
'.Or 
I 1 
0 2 10 
Time, sec 
F i E u r e  P15.- T i m e  histories f o r  r u n  15; r,ominal c a r r i a c e  s p e e d ,  59 k n o t s ;  
v e r t i c a l  l o a d ,  120.6 1cN ( 2 7  100 l b f ) ;  vaw a n q l e ,  0'; s u r f l c e  c o n d i t i o n ,  
d e n p ;  t i r e  c o n d i t i o n ,  new; b r a k e  c r e s s w e ,  1 4  VPa . ( ? O O O  l b f / i n 2 ) .  
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Skid 
signal, 
volts rt j J  
U '  I 
pressure. 10 
B rake 
M Pa 
B rake 
torque, 
kN -m 
pd 
PS 
Al in ing  
torque, 
kN -m 
Slip 
rat io 
2 0  4 II 
0  
'l. 5  O F  
lot . 5  
0  
-5 L J -4 
3 x  lo3 
1 psi 
0 
3x1o4 
2 Brake 
torque, 
ft-lbf 
Brake 
pressure, 
0 
0 1 2 3 4 5 6 
Time, sec 
4x lo4 
A l i n i  ng 
0 torque, 
in- lb f  
F i g u r e  A16 . -  T i m e  h i s t o r i e s  f o r  r u n  16;  n o m i n a l  carr iage s p e e d ,  98 k n o t s ;  
v e r t i c a l  l o a d ,  57.8 kN ( 1 3  000 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  brake p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
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5 -  
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
Brake 
pressure, 
M Pa 
B rake 
torque, 
kN-m 
p d  
PS 
A'li ni ng 
torque, 
kN -m 
Slip 
ratio 
20  
* O r  
- 
lor 
10 
0 
- 
40 r 
3x103  
B rake 
pressure, 
1 psi 
0 
3 x 1 o 4  
2 Brake 
torque, 
f t- lb 
0 
-5  L A - 4  
'.Or 
. 5 -  
0 2 4 6 8 1 0  12 
Time,. Sec 
4 x 1 o 4  
A l i n ing  
0 torque, 
in- lbf 
F i g u r e  A17.- T ime  h i s t o r i e s  f o r  r u n  17;  nomina l  c a r r i a g e  s p e e d ,  47 k n o t s ;  
v e r t i c a l  l o a d ,  92 .1  kN ( 2 0  700 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
APPENDIX 
A l i  ning 
0 1  0 torque, 
in- lbf 
20 - 
Wheel 
speed, 1 0 .  
rPs V- < .  
0 '  
- . .. 
Skid 
s ignal ,  
volts 
Brake 
torque, 
kN -m 
A l i  n i n g  
torque, 
kN-m 
S l i p  
ra t io  
2 Brake 
ft-lbf 
V torque, 
40  
2 0  
- 
- 
0 .  
O L  - . ,. 
' - O K  . 5  
1 1 - w -  _- . - -  I 
2 4 6 8 10 12 0 
Tim.e, s e t  
F i g u r e  A18.- T i m e  h i s t o r i e s  f o r  r u n  18; nominal  c a r r i a T e  s p e e d ,  5Q k n c t s ;  
v e r t i c a l  l o a d ,  104.5 kh ( 2 3  500 l b f ) ;  yaw a n o l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  b r a k e  p r e s s u r e ,  1 4  MPa ( 2 C O O  1 D f / i n 2 ) .  
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10 
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
B fake 
pressure, 
MPa 
Brake 
torque, 
kN -m 
pd 
hi 
Al in ing  
torque, 
kN -m 
Slip 
rat io 
- 
1 ° U  0 
2 0  
2 o  t- 1 
- 
. 5  
4 0  r 
- 
I I. I 
l e o r  
. 5 -  
0 '  
I: 
O L  
5 -  
0 '  1 
3 3 x 1 0  
B rake 
Dress u re, 2 
1 psi 
0 
3 x 1 o 4  
2 Brake 
?orque, 
ft-lbf 
0 
-5  L -I - 4  
1 . 0 ~  
4x  l o 4  
A li n ing  
0 torque, 
in- lb f  
0 2 4 4 s 1 0  12  
Time, sec 
F i p u r e  419.- T i m e  h i s t o r i e s  f o r  r u n  19 ;  nominal c a r r i a g e  s p e e d ,  45 k n o t s ;  
v e r t i c a l  l o a d ,  113.3 kN ( 2 6  600 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  b r a k e  p r e s s u r e ,  14  MPa (2000 l l ; f / i n 2 ) .  
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- 
- 
- - 
7 
Wheel 
speed, 
rps 
Skid 
signal, 
volts 
Brake 
pressure, 
MPa 
2 Brake 
torque, 
ft-lb 
B rake 
torque, 
kN -m 
pd 
4 
Alining 
torque, 
kN-m 
Slip 
ra t io  
- - . .- .". . __V,__ 
4 0  
2 0  
0 
Alining 
9 torque, 
in-ibf 
l ' T  . 5  
'.Or 
.5c 
JlL I I 
0 1 2 3 4 5 6 1 
Time, sec 
F i g u r e  A20.- Time h i s t o r i e s  f o r  r u n  20; n o m i n a l  c a r r i ace  S D e e d ,  76 k n o t s ;  
v e r t i c e l  l o a d ,  1 1 4 . 3  kb! ( 2 5  700 l h f ) ;  yaw a n o l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l ooded :  b r a k e  p r e s s u r e ,  I 4  PPa (2000 l b f / i n 2 ) .  
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Wheel 
speed, 
rPs 
Skid 
s ignal ,  
volts 
B rake 
pressure ,  
M Pa 
Brake 
torque, 
kN -m 
P d  
PS 
A l i n i n g  
torque, 
kN -m 
S l ip  
ra t io  
5 -  
0 
- 5  - 
A l i  n i n g  
in - lb f  
I. - * L  
0 2 4 6 8 10 1 2  
Time, sec 
F i g u r e  A21.- Time h i s t o r i e s  f o r  r u n  21;  n o m i n a l  c a r r i age  s p e e d ,  45 k n o t s ;  
v e r t i c a l  l o a d ,  120.6 kN ( 2 7  100 l b f ) ;  yaw a n g l e ,  9'; s u r f a c e  c o n d i t i o n ,  
n a t u r a l  r a i n ;  b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n  ) .  
APPENDIX 
2 0  
Wheel 
speed, 10 -  
rps 
Y " "  
- 2 Brake - 
ft- lbf 
- torque, - 
0' 
. 5 -  
Skid 
signal, 
volts 
I A I 
MPa 
Brake 
torque, 
kN-m 
pd 
PS 
A l i n i n g  
torque, 
kN -m 
Slip 
ra t io  
20-  
- Brake Dressure. 10 
0 
5 4x lo4 
0 
A l i n i n g  
0 torque, 
in- lb f  
-5 -4 
'.Or 
Time, sec 
F i q u r e  A22.- T i m e  b i e t o r i e s  f o r  r u n  72;  nomine1 c a r r i a c e  sDeed ,  72 k n o t s ;  
v e r t i c a l  l o a d ,  120 .1  kN ( 2 7  000 l b f ) ;  yaw a n p l e ,  g o ;  s u r f a c e  c o n d i t i o n ,  
n a t u r a l  r e i n ;  b r a k e  D r e s s u r e ,  14 PPa (2000 l b f / i n  ) .  
APPENDIX 
5 -  
Wheel 
speed, 
1 I -n.. L 1 -  I 
rPs 0 .- 
1 0  r 
Skid 
s ignal ,  5 L 
volts 
0 
M Pa 
B rake 
torque, 
kN-m 
pd 
PS 
A Ii n i n g  
torque, 
kN -m 
Sl ip  
ra t i o  
2 0  - - 
B rake - 
pressure ,  1 0  - 
0 
4 0  r 
I 
l a O L  . 5  
0  
l . O F  . 5  
0 ' -  . 
1 
0 
3 x 1 o 3  
B rake 
2 pressure ,  
1 psi  
0 
3 x 1 0 4  
2 Brake 
torque, 
f t- lb 
0 
4x l o 4  
A l i n i n g  
--I-4 -5 L- 
0 torque, 
i n - l b f  
F i g u r e  A23.- T i m e  h i s t o r i e s  f o r  r u n  23;  nominal  c a r r i a , s e  speed, 103 k n o t s ;  
v e r t i c a l  l o a d ,  122 .3  kh ( 2 7  500 1 G f ) ;  yak- a n p l e ,  0"; s u r f a c e  c o n d i t i o n ,  
n a t u r a l  r a i n ;  b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
a4 
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2 0  
Wheel 
speed, 
rPs 
10 
Skid 
volts 
signal, 5 
0 
M Pa 
B rake 
torque, 
kN -m 
pd 
I.15 
Alining 
torque, 
kN -m 
Slip 
rat io 
2 0  
~ 
Brake 
pressure, 1 o 1 
0 
3x103  
2 Brake 
1 psi 
0 
3 x 1 0 4  
2 Brake 
torque, 
ft-lbf 
pressure, 
0 
5 r  1 
0 
- 5  - in-lbf 
4x1O4 
Alining 
0 torque, 
1 I 
0 2 4 6 8 10 12  
Time, sec 
Ficure A24. -  T ime  h i s t o r i e s  f o r  r u n  24;  nominal c a r r i a g e  s p e e d ,  52 k n o t s ;  
v e r t i c a l  l o a d ,  79.6 kN ( 1 7  900 l b f ) ;  yaw a n g l e ,  ; s u r f a c e  c o n d i t i o n ,  
f l o o d e d / d r y ;  b rake  D r e s s u r e ,  14 YPa (2000 l b f / i n  9 O  ) .  
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0 
Wheel 
speed, 
rps  
A l i n ing  
-+=-k. . . . .- "A . . - 0 torque, 
in - lb f  
Skid 
signal, 
volts 
Brake 
oressure, 
MPa 
Brake 
torque, 
kN-m 
A l i n ing  
torque, 
kN -m 
Sl ip 
rat io 
10 
5l P- I 
O- __I- 
2 Brake 
torque, 
ft-lbf 
01 __. . 
A 
I 
0 1 2 3 4 
Time, sec 
F i c u r e  A25.- T i m e  h i s t o r i e s  f o r  r u n  25;  nominal  c a r r i a g e  s p e e d ,  72 k n o t s ;  
v e r t i c a l  l o a d ,  7 8 . 7  kN ( 1 7  700 l b f ) ;  yaw a n g l e ,  
d r y / f l o o d e d ;  b r a k e  p r e s s u r e ,  1 4  MPa (2000 l b f / i n  
; s u r f a c e  c o n d i t i o n ,  
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- 
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
Brake 
pressure, 
M Pa 
Brake 
torque, 
kN -m 
pd 
PS 
A Ii ni ng 
torque, 
kN -m 
Sl ip  
rat io 
Brake 
pressure, - 2  
1 psi 
10 I- 
4 40 r 7 3x10 
1. O r  
0 '  
5 4x lo4 
Alining 
0 0 torque, 
in-lbf 
-5 -4 
0 1 2 3 4 5 6 
T i m e ,  sec 
v e r t i c a l  l o a d ,  79 .2  kN ( 1 7  800 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n  
d r y / f l o o d e d ;  t i r e  c o r d i t i o n ,  new; b r a k e  p r e s s u r e ,  1 4  MPa (2000 l b f / i n  > .  
F i e u r e  A26.- T i m e  h i s t o r i e s  for r u n  26; n o m i n a l  c a r r i aee  s p e e d ,  98 k n o t s ;  
2 
E7 
APPENDIX 
A l i n i n g  
torque, 
kN -m 
- 5  
1 ~ --.v u' 
Wheel 
speed, 
rPs 
0 "F f Skid signal ,  
volts 
0 
2 0 -  
- 
- 3x103 
- 2 Brake 
- 
1 ps i  
Brake 
pressure ,  10  
MPa 
pressure ,  
0 0 
B rake 
torque, 
kN-m 
0 
A l i n i n g  
0-  0 torque, 
in - lb f  - - 4  - 
1. 0 -  
pd 
1. 0 -  
. 5 -  
I 
Sl ip  
ra t io  
, 
2 4 4 8 10 12 0 
Time, sec 
F i 3 u r e  A27.- T i m e  h i s t o r i e s  f o r  r u n  27;  norr!i.nal c a r r i a p e  s p e e d .  46 k n o t s ;  
v e r t i c a l  l o a d ,  61.8 kN ( 1 1  900 l b f ) ;  yaw a n P l e ,  3"; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14 KPa (2000 l b f / i n  ) .  2 
. . .... . _. 
A P P E N D I X  
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
B rake 
pressure,  
M Pa 
Brake 
torque, 
kN-m 
pd 
PS 
A l i n i n g  
torque, 
kN-m 
Sl ip  
ratio 
2 0  
10 
0 
10 
5F 0 
3 
Le- _ _  _ _  _ -  
:lo ;;he 
0 
3 x  l o 4  
2 Brake 
0 ~ -* ft- lbf 
::I y D r e s  u re, 
torque, 
1. O r  
Time, sec 
F i g u r e  A28.- T i m e  h i s t o r i e s  f o r  r u n  28;  n o m i n a l  carr iage s p e e d ,  74 k n o t s ;  
v e r t i c a l  l o a d ,  7 2 . 1  k N  ( 1 6  200 l b f ) ;  yaw angle ,  3'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; brake  p r e s s u r e ,  14  MPa (2000 l b f / i n 2 ) .  
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. 5 -  pd 
-. 
Wheel 
A l i n i n g  
torque, d + * ~ ~ v w - - . . , ,  
kN -m 
s peed, 
rPs 
A l i n i n g  
o torque, 
i n - l b f  
- -. 
lf 
Skid 
s ignal ,  
volts 
0 - 
B rake j - - - - - - - j  x O', rake 
pressure ,  p ressure ,  
MPa 1 ps i  
0 0 
Brake 
torque, 
kN -m f t - lb 
0 
S l ip  
ra t io  
0 1 2 3 4 5 
Time, sec 
v e r t i c a l  l o a d ,  75.6 kN ( 1 7  000 l b f ) ;  yaw i cnqle ,  3'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
F i g u r e  P.29.- T i T e  h i s t o r i e s  fcr r u n  2 9 ;  nor r ina l  c a r r i a y e  s p e e d ,  100 k n o t s ;  
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2 0  
Wheel 
speed, 
rps 
Skid 
s ignal ,  
volts 
B rake 
pressure ,  
M Pa 
B rake 
torque, 
kN -m 
pd 
PS 
A l i n i n g  
torque, 
kN -m 
S l i p  
ra t i o  
- 2 Brake 
torque, - 
- ft-lbf 
2 o  r 
. 5 -  
0 2 4 6 e 1 0  12 
Time, sec 
F i g u r e  A30.- T i m e  h i s t o r i e s  f o r  r u n  30; n o m i n a l  ca r r iaTe  s p e e d ,  48 k n c t s ;  
v e r t i c a l  l o a d ,  76 .5  kN (17  200 l b f ) ;  yaw anTl.e, 3'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14  IdPa (2000 l b f / i n 2 ) .  
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A PP END1 X 
0 
Wheel 
speed, 
tPS 
. . . .  L- ... 
. .  
: .  . . . .  . ,  ; !  3, , !  
,... . . . . . . . . . .  _,.._; . .  
5 -  
... 
Skid 
signal, 
volts 
- 
,-.--.., ,..-.-, - , ,,:-l ,, -. <, ., 
........ .%> '<,.e . ' ._,. ~
, I  ;, .: 'L' 
10  - 
.. \>/ __-- 
Brake 
pressure,  
MPa 
Brake 
pressure,  
psi 1 
Brake 
torque, 
kN-m 
0 
......... 
-., , . . . . .  
- 
.,j ...... __._  ..... ...... , . .- 
l o t / -  
- 
.. -.. .. 7 
:,., 
...,. /.- 
. .  
2 0  - 
. . .  
0 '  ' 
Brake 
torque, 
f t- lbf 
A l i n i n g  
kN -m 
torque, 0 
A l i n i n g  
0 torque, 
in- lb f  - - 4  
1. 0 -  
. 5 -  S l ip  ra t io  
0 1 2 3 4 5 6 7 
Time, sec 
Fiffure E 3 1 . -  T i r e  h j s t o r i e s  f o r  r u n  '1; n o m i n a l  c a r r i a e e  s p e e d ,  75 k n o t s ;  
v e r t i c a l  l o a d ,  81 .0  kN ( 1 8  20'3 l b f ) ;  yaw a n z l c ,  3'; s u r f a c e  c o n d i t i o n ,  
d ~ m ~ ;  t i r e  c o n d i t i o n ,  new;  b r a k e  pressure,  1 4  P F a  (7000 I b f / i n * ) .  
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Brake 
pressure, 1 0  
M Pa 
Wheel 
Brake 
pressure, - 
lot speed, rPS 0 
1 0  r 
Skid 
signal, 
volts 
0 '  I 
J 
0 
1. Or 
5 4 x 1 o 4  
A l i n ing  A l i n ing  
torque, 0 0 torque, 
kN -m in- lbf 
- 5  - 4  
. 5 -  Slip rat io 
1 
0 1 2 3 4 5 
Time, sec 
F i g u r e  A32.- T i m e  h i s t o r i e s  f o r  r u n  32; n o m i n a l  carr iaae s p e e d ,  99 k n o t s ;  
v e r t i c a l  l o a d ,  81.0 kN ( 1 8  200 l b f ) ;  yaw a n F l e ,  3'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
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Al in ing  
in- lb f  
o * w w L . .  
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
Brake 
pressure, 
MPa 
Brake 
torque, 
kN-m 
pd 
PS 
Al in ing  
torque, 
kN-m 
Slip 
ratio 
2 o  r 
., 
2 o  r 
1 0  - 
0 -  
4 0  r 
20 
0 
- 
3 x 1 0 3  
2 Brake 
1 psi 
3 x 1 o 4  
pressure, 
Brake 
torque, 
~~ 4 0 
ft-lbf 
- 0  
. -  
0 
l- . 5  O F  
Or 
0 2 4 5 s 10 1 2  
Time, sec 
F i c u r e  P 3 3 . -  T i m e  h i s t o r i e s  f o r  r u n  33; nomina l  c a r r i a e e  s p e e d ,  48 k n o t s ;  
v e r t i c a l  l o a d ,  76 .1  kN ( 1 7  100 l b f ) ;  yaw a n n l e ,  3;'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  new; b r a k e  o r e s s u r e ,  14 MPa (200@ l b f / i n 2 ) .  
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torque, 
kN -m 
I . .  . Wheel 
A l i  ni ng  
in - l b f  
Skid 
signal, 
volts 
2 0  
Brake 
MPa 
,,-- 5..-- ... ., ..- . . . - . -. _ _ _  ..*. '. .' . . . .  . __._ "': ; 
I ) .  \..: 
1. 0 r 
0 1 2 3 4 5 6 7 
Time, sec 
F i F u r e  A34.- Time h i s t o r i e s  for r u n  ? 4 ;  norninal  c a r r i a s e  s p e e d ,  7 5  k n o t s ;  
v e r t i c a l  l o a d ,  7 4 . 7  kN ( 1 6 '  800 l b f ) ;  yaw a n p l e ,  3'; s u r f a c e  c o n d i t i o n ,  
f looded;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14  NPa ( 2 0 0 0  l b f / i n 2 ) .  . 
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F i g u r e  A35.- Time h i s t o r i e s  f o r  r u n  15;  n o T i n a 1  c a r r i a . ? e  s p e e d ,  102 k n o t s ;  
v e r t i c a l  l o a d ,  74.3 kK! ( 1 6  700 l b f ) ;  yaw a x l e ,  3'; s u r f a c e  c o n d i t i o n ,  
f looded;  t i r e  c o n d i t i o n ,  new; b r a k e  p ressure ,  14  VPa (2000 l b f / i n  ) .  2 
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0 torque, 
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F i g u r e  A36.- T i m e  h i s t o r i e s  f o r  run  36; nominal c a r r i a p e  s p e e d ,  46 k n o t s ;  
v e r t i c a l  l o a d ,  83.6 kN ( 1 8  800 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; brake pressure,  14  MPa (2000. l b f / i n 2 ) .  
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F i g u r e  A37.- T ime  h i s t o r i e s  f o r  r u n  37 ;  nomina l  c a r r i a g e  s p e e d ,  74 k n o t s ;  
v e r t i c a l  l o a d ,  8 1 . 4  kN (19  300 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  14 MPa (2000  l b f / i n 2 ) .  
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F i g u r e  A38.- T i m e  h i s t o r i e s  f o r  r u n  ?e;  n o v i ? a l  c z r r i a g e  s u e e d ,  100 k n o t s ;  
v e r t i c a l  l o a d ,  83 .2  kN ( 1 8  700 l b f ) ;  yaw ancTle, 6'; s u r f a c e .  c o n d i t i o n ,  
dry; t i r e  c o n d i t i o n ,  new;  b r a k e  D r e s s u r e ,  1 4  MFa ( 2 C O O  l b f / i n 2 ) .  
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F i p u r e  A39.- Time h i s t o r i e s  f o r  r u n  39;  n o m i n a l  c a r r i a , z e  s p e e d ,  50 k n o t s ;  
v e r t i c a l  l o a d ,  82 .3  kN (18 5 G O  l b f ) ;  yaw a n , F l e ,  6'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new;  b r a k e  p r e s s u r e ,  1 4  idPa (2000 l b f / i n 2 ) .  
100 
I 
APPENDIX 
Wheel 
speed, 
rPs 
Skid 
signal, 
volts 
Brake 
pressure,  
M Pa 
Brake 
torque, 
kN-m 
gd 
1-15 
A l i n i n g  
torque, 
kN-m 
Sl ip  
ra t io  
4 
4 x 1 0  
A l i n i n g  
0 torque, 
i n - l b f  
- 
- 5  L -J-4 
0 1 2 3 4 5 6 7 
Time, sec 
F i q u r e  A40.- T i m e  h i s t o r i e s  f o r  r u n  40; nomina l  c a r r i a c r e  s p e e d ,  75 k n o t s ;  
v e r t i c a l  l o a d ,  81.8 kN ( 1 8  400 l b f ) ;  yaw a n n l e ,  6'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o c ,  new; b r a k e  p r e s s u r e ,  14 !?Pa (2000 l b f / i n 2 ) .  
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v e r t i c a l  l o a d ,  7 6 . 5  kN ( 1 7  200 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
F i g u r e  A 4 1 . -  T i m e  h i s t o r i e s  f o r  r u n  41; n o a i n a l  c a r r i a g e  s p e e d ,  100 k n o t s ;  
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F i r r u r e  A42.- T i m e  h i s t o r i e s  f o r  r u n  42; n o m i n a l  c z r r i a e e  s p e e d ,  52 k n o t s ;  
v e r t i c a l  l o a d ,  80.5 kH (18 100 l b f ) ;  yaw a n o l e ,  6'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  new; b r a k e  p ressure ,  14 MPa (2000  ' l b f / i n 2 ) .  
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F i g u r e  A43.- T i m e  h i s t o r i e s  for r u n  42; n o v i n a l  c a r r i a T e  s p e e d ,  75 k n o t s ;  
v e r t i c a l  l o a d ,  80.1 khl ( 1 6  300 l b f ) ;  yaw a n F l e ,  6'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  n e w ;  b rake  p r e s s u r e ,  14  MPa (2000 l b f / i n  2 ) .  
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F i g u r e  A44.- T i m e  h i s t o r i e s  f o r  r u n  44 ;  nomina l  c a r r i a g e  s p e e d ,  101 k n o t s ;  
v e r t i c a l  l o a d ,  8 0 . 1  kN ( 1 8  000 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
f looded;  t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  14  MPa - ( 2 0 0 @  l b f / i n 2 ) .  
105 
I .  
APPENDIX 
A l i  n i n g  
in-lbf 
0- 
-..-.-_. -.-. - ... _ _  _ _  , - . .. . . . . _ _ _  
, . ... . -. ,,. -. Wheel speed, 
rP5 ~ 
'YF Skid s ignal ,  
volts 
0 
pressure ,  
~ 
p ressure ,  10  
i3 rake 
MPa 
3x1o4 
B rake 
to rque,  
ft-lbf 
- .... -- 2 B rake 
torque, 
kN-m 
~~ 
1. O r  
1. O r  
A l i n i n g  
torque, 
kN-m 
1. 0 -  
. 5 -  Sl ip  ra t io  
I ,  I - .  
J 1- I 
0 2 4 6 a 10 1 2  
Time,  sec 
F i y u r e  A45.- T i m e  h i s t o r i e s  f o r  r u n  45; n o m i n a l  c a r r i a g e  s p e e d ,  50 k n o t s ;  
v e r t i c a l  l oad ,  80 .1  kN (18  000 l b f )  ; yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i , re c o n d i t i o n ,  worn; brake  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
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F i e u r e  A46.- T i m e  h i s t o r i e s  f o r  r u n  46;  nominal  c a r r i a p e  s p e e d ,  100 k n o t s ;  
v e r t i c a l  l o a d ,  96.5 kN (21  700 l b f ) ;  yaw anrzle ,  0'; S u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  worn; b r a k e  p r e s s u r e ,  1 4  F P a  (2000  l b f / i n 2 ) .  
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Fiaure A 4 7 . -  Ti re  h i s t o r i e s  f o r  r u n  G7: noninel c a r r i a g e  s p e e d ,  50 k n o t s ;  
v e r t i c a l  l o a d ,  80 .1  kl! ( 1 8  PO0 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
damD; t i r e  c o n d i t i o n ,  w o r n ;  b r e k e  oressure,  14 P?a (2000 l b f / i n  2 ) .  
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F i E u r e  A49.- Time h i s t o r i e s  f o r  r u n  49; n o m i n a l  c a r r i a g e  s p e e d ,  102 k n o t s ;  
v e r t i c a l  l o a d ,  8 2 . 3  kN ( 1 8  500 l b f ) ;  yaw a n e l e ,  0'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  w o r n ;  b r a k e  p r e s s u r e ,  14 VPa ( 2 0 0 0  l b f / i n  ) .  2 
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F i l r u r e  A 5 O . -  T i m e  h i s t o r i e s  f o r  r u n  50; n o m i n a l  c a r r i a s e  s p e e d ,  48 knpts; 
v e r t i c a l  l o a d ,  8 1 . 0  kN ( 1 8  200 l b f ) ;  yaw a n g l e ,  0'; sur face  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  worn; b r a k e  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
111 
APPENDIX 
1 0  
Wheel 
speed. 
rps 
Skid 
signal, 
volts 
B rake 
pressure, 
M Pa 
- W 
B rake 
torque, 
kN -m 
pd 
PS 
Alining 
torque, 
kN -m 
Slip 
ratio 
- 
2 0  - - 
- - 
2 Brake 
torque, 
ft- lbf 
1 0  
5 . F  4 
Alining 
0 1  0 torque, 
in-lbf 
~ - - 1 ~ x 1 0 3 B r a k e  
pressure, 
1 psi 
0 0 
1. 0- 
. 5 -  
l'ol . 5  
Time, sec 
F i g u r e  A51.- T i m e  h i s t o r i e s  f o r  r u n  51;  nominal  c a r r i a e e  s p e e d ,  75 k n o t s ;  
v e r t i c a l  l o a d ,  78.7 kN ( 1 7  700 l b f ) ;  yaw P n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  worn;  b r a k e  p r e s s u r e ,  14 MPa (2000  1 b f / i n 2 ) .  
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F i g u r e  A52.- T i m e  h i s t o r i e s  f o r  run  52; nominal c a r r i a g e  s p e e d ,  99 k n o t s ;  
v e r t i c a l  l o a d ,  81.4 kN ( 1 8  300 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l ooded ;  t i r e  c o n d i t i o n ,  worn; brake p r e s s u r e ,  14  MPa. (2000 l b f / i n 2 ) .  
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F i g u r e  A54.- Time  h i s t o r i e s  f o r  r u n  54; nominal  c a r r i a g e  s p e e d ,  77 k n o t s ;  
v e r t i c a l  l o a d ,  7 9 . 6  kN ( 1 7  900 l b f ) ;  yaw a n n l e ,  6'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  worn;  b r a k e  p r e s s u r e ,  14  MPa (2000 l b f / i n  ) .  2 
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Figure  A55.- T i m e  h i s t o r i e s  f o r  run 55; nominal carriage s p e e d ,  102 k n o t s ;  
v e r t i c a l  l o a d ,  82.7 kN (18 600 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
damp; t i r e  c o n d i t i o n ,  worn; brake pressure ,  14 MPa (2000 I b f / i n 2 ) .  
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F i p u r e  A56.- Time  h i s t o r i e s  f o r  run 56; nominal c a r r i a g e  s p e e d ,  47 k n o t s ;  
v e r t i c a l  l o a d ,  80.1 kN (18 000 l b f ) ;  yaw a n g l e ,  6’; s u r f a c e  c o n d i t i o n ,  
f l ooded ;  t i r e  c o n d i t i o n ,  worn; brake p r e s s u r e ,  14 MPa- (2000 l b f / i n 2 ) .  
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F i g u r e  A57.- T ime  h i s t o r i e s  f o r  run 57; nominal ca . r r i age  s p e e d ,  76 k n o t s ;  
v e r t i c a l  l o a d ,  78.7 kN ( 1 7  700 l b f ) ;  yaw a n g l e ,  6' ;  surface c o n d i t i o n ,  
f l ooded ;  t i r e  c o n d i t i o n ,  worn; brake  p r e s s u r e ,  1 4  MPa (2000 l b f / i n 2 ) .  
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F i k u r e  A58.- T i m e  h i s t o r i e s  f o r  run  58; nominal carr iage s p e e d ,  100 k n o t s ;  
v e r t i c a l  l o a d ,  8 1 . 4  kN (18 300 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  worn; b rake  p r e s s u r e ,  14 MPa (2000 l b f / i n 2 ) .  
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F i g u r e  A60.- T i m e  h i s t o r i e s  f o r  run  60; nominal carriage s p e e d ,  101 k n o t s ;  
v e r t i c a l  l o a d ,  80.1 kN ( 1 8  000 l b f ) ;  yaw a n g l e ,  0’; surface c o n d i t i o n  
f looded /d ry ;  t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  21 MPa (3000 l b f / i n  ) .  2 
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F i g u r e  A61 .- T i m e  h i s t o r i e s  f o r  r u n  61;  nomina l  c a r r i a g e  s p e e d ,  49 k n o t s ;  
v e r t i c a l  l o a d ,  78.3 kN ( 1 7  600 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n  2 
d r y / f l o o d e d ;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  21 MPa (3000 l b f / i n  ) .  
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v e r t i c a l  l o a d ,  79 .6  kW ( 1 7  900 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n  
d r y / f l o o d e d ;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  21 MPa ( 3 0 0 0  l b f / i n  ) .  
F i g u r e  A62.- T i m e  h i s t o r i e s  f o r  r u n  62; nominal  carriage s p e e d ,  103 k n o t s ;  
2 
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F i s u r e  A63.- T i m e  h i s t o r i e s  f o r  r u n  63;  n o m i n a l  carr ieae s p e e d ,  75 k n o t s ;  
v e r t i c a l  l o a d ,  79 .6  kM ( 1 7  900 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  new; b r a k e  p r e s s u r e ,  21 MPa (3000 l b f / i n  ) .  2 
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F i g u r e  A64.- T i m e  h i s t o r i e s  f o r  r u n  64;  nomina l  ca r r iage  s p e e d ,  80 k n o t s ;  
v e r t i c a l  l o a d ,  7 8 . 3  kN (17  600 l b f ) ;  yaw a n g l e ,  6'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  new; brake p r e s s u r e ,  21 MPa (3000  l b f / i n 2 ) .  
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Figure A65.- T i m e  h i s t o r i e s  f o r  r u n  65; nominal  carriage s p e e d ,  49 k n o t s ;  
v e r t i c a l  l o a d ,  62.3 kN ( 1 4  000 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i re  c o n d i t i o n ,  worn; brake pressure ,  21 MPa (3300  l b f / i n  2 ) .  
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F i g u r e  A66.- Time h i s t o r i e s  f o r  r u n  66;  n o m i n a l  carria,ge s p e e d ,  48 k n o t s ;  
v e r t i c a l  l oad ,  7 9 . 6  kN ( 1 7  900 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  w o r n ;  b rake  p r e s s u r e ,  21 MPa (3000 l b f / i n 2 ) .  
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F i a u r e  ~ 6 7 . -  T i m e  h i s t o r i e s  for run 67;  n o m i n a l  c a r r i a g e  s p e e d ,  100 k n o t s ;  
v e r t i c a l  l o a d ,  9 9 . 6  kN (22 400 l b f ) ;  yaw a n d e ,  0'; s u r f a c e  c o n d i t i o n ,  
d r y ;  t i r e  c o n d i t i o n ,  worn;  b r a k e  p r e s s u r e ,  21 PPa (3000  l b f / i n  ) .  2 
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F i g u r e  A68.- T i m e  h i s t o r i e s  f o r  run  68; nominal carriage s p e e d ,  76 k n o t s ;  
v e r t i c a l  l o a d ,  79.6 kN ( 1 7  900 l b f ) ;  yaw a n g l e ,  0'; s u r f a c e  c o n d i t i o n ,  
f l o o d e d ;  t i r e  c o n d i t i o n ,  worn; brake p r e s s u r e ,  21 MPa (3000 l b f / i n  1. 2 
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